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VORTEX-DEFECT INTERACTIONS
IN fflGH-TEM PERATURE
SUPERCONDUCTORS
Valentina Tobos, Ph. D.
W estern Michigan University, 2001
The topics covered in this thesis are related to two objectives: one refers to the
search for methods o f improving die critical current density o f high-temperature
superconductors, a subject which remains o f continuing interest for its importance in
technological applications. The other direction is aimed at clarifying the phase diagram
of high-Tc materials.
The interaction between the structural defects and the vortex system plays a
significant role in the capability of these materials to carry large electrical transport
currents. Through proton irradiation induced defects we follow the evolution o f the
critical current density, and its enhancement w ith increasing point-like defects induced
in detwinned, single crystals of YBa2Cu30 7_6.

The nature, mechanism, and

implications of the peak effect are studied through electrical transport, and
magnetization measurements in order to obtain a comprehensive temperature
dependence. Our study reveals that the point defects, rather than the oxygen defect
clusters are primarily responsible for the suppression o f the peak effect
The presence o f different types and densities o f defects in the high-temperature
materials yields a very reach and diverse magnetic phase diagram. W e studied and
compared through ac-, and dc- electrical transport measurements the first-order vortex
melting transition from the vortex lattice to the vortex liquid. The investigation was
performed on detwinned, heavy-ion irradiated, proton irradiated, and twinned crystals
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with an emphasis on resolving the angular dependence of die m elting line, and o f the
lower critical point o f the melting transition. While a minor shift in the temperature
dependence o f the m elting line is yielded by low-doses of heavy-ion irradiation, the
angular dependence o f the lower critical point is dramatically affected by the defects.
An increase in the low er critical point in die whole angular range is obtained after
proton irradiation, while heavy-ion irradiation yields a pronounced increase around 0°
where vortices align with the columnar defects.
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CHAPTER I

INTRODUCTION
Enhancing the critical current density o f high-temperature superconductors is a
subject of continuing interest in the physics community, both for its importance in
technological applications, as well as fo r fundamental research. The critical current
density, Jc, is the maximum current the material can carry before losing its
superconducting properties. High-temperature superconductors belong to a class of
materials known as type-11 superconductors. In these materials, the critical current
density is limited by the motion o f the magnetic flux lines, or vortices.

In type-II

superconductors magnetic flux pinning is caused by inhomogeneities present in the
structure in the form o f impurities, or crystallographic defects, which prevent the
motion of the vortices. Thus, the interaction between the defects and the flux lines
plays a significant role in the capability o f a material for carrying large transport
currents.

Indeed, m ost o f the important applications of conventional type-II

superconductors (e.g. superconducting m agnets, magnetic resonance imaging devices
used in medical diagnosis, etc.) rely on die improved pinning capability o f the
superconducting materials.

Flux pinning in high-temperature superconductors has

some special characteristics due to the short coherence lengths and the large thermal
fluctuations associated with the high value o f the superconducting transition
temperatures. The dynamics of the vortices, and their interaction with the defects are
not yet completely understood. Irradiation induced defects are extensively used in
order to study vortex-defect interactions because they offer the ability to control both
the shape, and the density of the induced disorder [1, 2, 3, 4, 5, 6, 7, 8].
1
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2
Superconductivity: B rief H istory and General Properties
We can trace back the discovery o f Superconductivity to 1911 [9].

While

investigating the behavior o f the electrical resistance o f metals close to absolute zero, it
was discovered that m ercury loses its electrical resistance at a temperature of about
4.2 K. Following this discovery, it was show n that there are m any other elements and
alloys that have the extraordinary ability to carry electrical currents without any
resistance when cooled below their superconducting transition tem perature, Tc. But it
was not until 1933 that it was found experimentally that superconductors also have
remarkable magnetic properties. Below their transition temperature they behave like
perfect diamagnets {M eissner effect) and completely expel the applied magnetic field
from the bulk material [10].
The phenomenon o f superconductivity remained only empirically explained
until the 1940s. After quantum mechanics was introduced, theorists developed semiempirical theoretical rules for the behavior o f superconductors. Next, the discovery o f
die isotope effect [11] showed that the superconducting transition temperature, Tc,
varies as:

T ca -L

(1.1)

m l/2
where m is the mass o f the isotope. This proportionality suggested that the lattice
vibrations, known as phonons, play an important role in the occurrence of
superconductivity.
The 1950 Ginzburg and Landau theory o f superconductivity [12] concentrated
on explaining the phenomena of superconductivity on a quantum mechanical level. The
theory used a complex wave function, i|f, to describe the local density of
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superconducting electrons. The wave function also assumes the role o f the order
parameter within Landau’s theory of second-order phase transitions, therefore the
theory is valid only for temperatures T close to the superconducting transition
temperature, i.e. where TC- T « T ,
And at last, in 1957, the microscopic theory o f superconductivity was finalirad
by Bardeen, Cooper, and Schrieffer (BCS) [13].

Their groundbreaking theory

explained the existence o f superconductivity as a result o f the formation o f
superconducting electron pairs, known as C ooper pairs, which are created by a positive
attraction between two electrons generated by the lattice vibrations. This momentous
year also saw the publication of a theoretical article [14] predicting the existence of a
new class of superconductors, known as type-II superconductors. In these materials,
die Meissner state does not extend up to the norm al state, but a m ixed state separates the
two regions. Calculations predicted a theoretical limit o f 30 K for the superconducting
transition temperature.
Thus, although superconductors seemed to be important for their unique
physical properties, their low superconducting transition temperatures and the necessity
of using very expensive liquid helium fo r reaching these temperatures, severely limited
their technological applications.
A breakthrough in die search for materials with even higher Tc came on March
18, 1986 when die compound La2.xBaxC u 0 4^ showed superconducting properties at a
temperature of 30 K [15].

In a short period following this discovery, other copper

oxide based materials w ere discovered to undergo a transition to the superconducting
state at temperatures as high as ~ 92 K fo r Y B ajC ujQ ^ (YBCO) [16], to 164 K for a
Hg based compound (HgBa2CaI,1Cux0 2y+2+x) under hydrostatic pressure [17, 18].
Additionally, the search fo r new superconductors has led to the discovery o f new
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phenomena related to die electrical and magnetic properties o f superconductors which
are o f fundam ental interest for solid state physics.

Fundamental Parameters and the Critical Current
A t zero applied magnetic field, the transition to the superconducting state occurs
at a specific tem perature known as the superconducting transition temperature, or as the
critical temperature, Tc.
The sim plest type of superconductor is known as a type I superconductor.
W hen a type I superconductor is cooled below the transition temperature, the magnetic
flux is completely expelled from the sample as long as the value o f the applied magnetic
field is below a critical value. The value o f the maximum field at which the sample is
still in the superconducting state is called the critical field Hc. This phenomenon is
called the M eissner effect [10] and the sample behaves like a perfect diamagnet in this
state.
Figure 1 show s an example o f such a case, with a type I superconducting
sample at H < Hc and temperature below Tc. For the magnetic induction to be zero
inside the material, a circulating superconducting current is induced in a very thin layer
at the surface of the sample. This current gives rise to a magnetic field that cancels out
the applied field. The spatial dependence o f the field is given by:
B(x) = B(0) exp(-xA,)

(1.2)

where x is the distance from the surface o f the sample, and X is called the London
penetration depth [19].
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Surface
Current
H

Sample
Figure 1.

In the M eissner State the A pplied M agnetic Field H is Expelled b y an
O pposite Field Created by die Superconducting Current Circulating at
the Surface of the Sample.

The penetration depth represents the distance over which the field decays inside the
sample. Empirically, the temperature dependence o f the penetration depth is found to
be:

X (D »a.(0)[l-(T /T c)]-I/2

(1.3)

The Ginzburg-Landau theory also introduces another parameter, the complex
wave function related to the density of the superconducting electrons, vy(x). The w ave
function has a sim ilar spatial dependence as the magnetic field:
y (x )= t|r(0 )e x p (-x /£ )
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(1.4)

where ^ is called the Ginzburg-Landau coherence length [12], and represents the
distance over which die wave function can vary without causing an increase of energy.
The local density of superconducting electrons is given by:
ns(x )~ lv (x ) l2

(1.5)

and represents the num ber of electrons in the superconducting state in a region o f the
sample. This value is maximum in the superconducting domains, and drops to zero in
the normal domains.
In Figure 2, the superconducting parameters (coherence and penetration
lengths) are shown at the interface betw een a normal and a superconducting domain.
Both parameters are functions of the reduced temperature T / Tc.
Using the variational principle, w e can expand the tree energy in terms o f
l\|/(x)l2. The free energy per unit o f superconducting volume is:

fs = fn + a I y (x ) I2 +-S-1 \|f(x) I4

(1.6)

where fs and 4 arc the free energy of the superconducting and norm al state respectively,
and a and P are expansion coefficients. O dd powers of the wave function I \jr(x) I are
not considered since the free energy m ust be rotationally invariant.
The superconducting state is a state o f lower energy relative to the normal state.
By minimizing the free energy of the superconducting state fs, one obtains:

- L (— .^7 - e* A )2 \|f+ p | \|f | 2 \|r = -a(T) \|f
2m 27C1

(1-7)

where m*, and e*, are parameters, and A is the vector potential, c= 3x10® m/s is the
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speed of light, and h is Plank constant, h = 6.63xl0"34 J s. An increase in the energy is
associated with the spatial distortion o f the order parameter, and the Ginzburg - r -anrian
theory adds the gradient term to account for this energy. This equation is analogous to
the SchrOdinger equation for a free particle containing a non-linear term.

H(x)

Superconducting

Figure 2.

Normal

O rder Param eter and Penetration Depth at the Interface Between the
N orm al and the Superconducting Domains.

Then, the equation corresponding to the supercurrent can be written as:

i2m *

m*

l¥l2 A = J s

(1.8)

The distance over which the wave function can vary without an increase in the
energy, the coherence length, can be deduced in the Ginzburg-Landau theory to be:
£ ( T ) = -----------------------------------27cl2m *a(T)|l/2

and diverges as the temperature T approaches Tc, since a(T) varies as (T- T J.
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(1.9)

The Magnetic Phase Diagrams
Type I Superconductors
The ratio o f the two characteristic lengths, the coherence and penetration
lengths, defines what is known as the Ginzburg-Landau param eter.

K=\/§

(1.10)

This ratio is nearly temperature independent since the penetration depth
diverges as (T- T J 172near Tc. In the case o f the simplest superconductors, the values o f
the parameters are such that

k

is much sm aller than 1 (X «

£).

These type of

materials are called type I superconductors. F or this class o f m aterials, one can show
that there is a positive surface energy associated with the interface between the normal
and superconducting domains. For a type I superconductor, the critical current density
is a direct consequence o f the critical field H c. Since their values of Hc are very small
(in the tens, or hundreds of Gauss), their critical current densities Jc are likewise low .
This is why type I superconductors have not been of practical interest to the electric
utility companies or for high field magnets.
Figure 3 presents the phase diagram o f a type I superconductor.

The plot

shows the magnetic field versus temperature, and we see two separate regions:
(1) Above the line of superconducting transition, for fields greater than H C(T),
the sample is in the normal state and is penetrated by the magnetic field as any other
metaL
(2) Below the superconducting transition line, the sample is in the M eissner
state.

Here the field is completely expelled from the bulk o f the sample by a
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9
supercurrent, which circulates in a very thin layer at the surface o f the sample.

Normal
^«sgSv

H
X

Meissner State
T(K)
Figure 3.

Phase Diagram of Type I Superconductor Showing the Two Domains:
Norm al and M eissner State.

In any m aterial, the applied magnetic field H is related to the magnetization M
and the magnetic induction B through the relationship [20]:
B = M-o (H + M )

where p0 = 4tt

x

(1.11)

10'7 H/m is the permeability o f the free space, and the expression is

written in SI system . Hence, in a type I superconductor M = - H in the Meissner state,
and B = 0 in the bulk of the sample.
It was found that the temperature dependence of the critical field HC(T), is quite
well approximated by a parabolic law:
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Hc( T )» H cC 0 )[l-(T /T c)2]

(1.12)

where Hc(0) is the critical field at 0 K. W hile the superconducting transition in zero
field is o f second order, the superconducting transition in the presence of a magnetic
field is o f first order since the transition evolves with an associated latent heat.
The microscopic model describing type I superconductivity, the BCS theory,
has chosen the singlet description o f the wave function to develop the concept o f the
phonon-mediated electron-electron attraction.

The Cooper pair is a system o f two

electrons that attract one another through an intermediate interaction, the phonon
interaction [13] in the case of BCS. These electrons have opposite spin and momentum
k.

The energy gap param eter, A (k ), is considered independent o f the wave-vector

direction k :
A (k )= A (k )

(1.13)

and the Fermi-surface w as taken to be spherical as for an ideal free-electron m etal.
Because of the spherical symmetry description of the energy gap, and the assum ed
isotropy o f the system, the interaction o f the Cooper pair is called s-wave pairing.
Type H Superconductors
In 1957 A. A. Abrikosov published a paper [14] analyzing w hat would happen
in the Ginzburg-Landau theory if the Ginzburg-Landau parameter is larger than one,
that is if X »

£.

T his assumption leads to a negative surface energy, w here a

subdivision of the m aterial into normal and superconducting states can become
energetically favorable.

This new

type

o f behavior characterizes type

superconductors, also called hard superconductors.

n

Abrikosov showed that the
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breaking point between the tw o types occurs at:
K = 1 /^ 2

F or materials with

(1.14)

k

bigger than this value, flux penetration occurs at a field

Hcl, called the lower critical field. The value of the field inside the sample reaches the
external field value at a field H = Hc2, called the upper critical field. The energy cost of
expelling the field is lowered due to this flux penetration. The value o f the upper
critical field

is much larger than the thermodynamical critical field Hc. This means

that the supeconducting properties o f the materials are maintained up to much larger
magnetic fields.
Figure 4 shows the phase diagram for type II superconductors in which the
temperature dependencies o f the critical magnetic fields Hcl and Hc2 are plotted. In this
graph we can distinguish three different regions, depending on the value of temperature
and applied magnetic field:
(1) At fields and temperatures above Hc2(T) and Tc, the sample behaves like a
normal m etal and the external m agnetic field enters the sample.
(2) Below Hcl(T) the field is completely expelled and we find a characteristic
M eissner state.
(3) Between Hcl(T) and Hc2(T), the sample is in the mixed state w here the
magnetic field penetrates in the form o f quantized magnetic flux bundles called vortices.
The vortices interact with each other and arrange themselves in a symmetric structure
called the Abrikosov vortex lattice.
Based on the London equation [21, 22], each vortex was shown to can y a
quantum of magnetic flux:
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<(>0 = h / 2e = 2.07x1 O'15T m2

(1.15)

where h is the Plank constant, and 2e is the charge o f the electron Cooper pair [23].
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Figure 4.

Phase Diagram o f Type D Conventional Superconductors Show ing the
Three States: Normal, Mixed and M eissner State.

The vortex is generated by circulating super-currents, which concentrate the
magnetic flux in the center of the vortex, called the vortex core (Figure 5). The core of
the vortex is in a norm al state.
Upon correcting a numerical error in the original paper published by Abrikosov,
it was determined that in type n conventional superconductors the vortices arrange in a
triangular array. The existence of the vortex lattice was demonstrated by magnetic
decoration experiments [24], and neutron scattering in niobium crystals [25].

The

discovery o f these type n superconductors m ade practical applications possible.
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Random inhomogeneities in the material lead to local distortions in the vortices array.
This is why glass-like patterns in the vortex system are som etim es found.

Current

Vortex

Vortex lattice
Figure 5.

C onventional Superconducting Type n M aterial Presenting the
A brikosov Vortex Lattice.

If an electrical transport current is passed through the sam ple in the presence of
an applied magnetic field, the Loientz force on the unit length o f each vortex is:
F L ~ J x (j)0 . This force induces the m otion of the vortices, which generates an
electrical voltage, opposing the current flow . Thus, the electrical resistance o f the
m aterial is non-zero.
In order to restore the zero resistance state, the vortices need to be pinned. This
is accomplished by the interaction o f the vortex with defects present in the crystal
lattice. For example, in the superconducting wires used for high field m agnets, defects
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are deliberately introduced by cold working the metal in order to increase the critical
current density by increasing the pinning energy.

High-Temperature Superconductors
The discovery o f high-temperature materials that have superconducting
transitions well above liquid nitrogen temperatures, opened the door for a m ore efficient
use o f these materials in applications. However, there are a series o f obstacles that
remain to be overcome. Firstly, the high temperatures o f operation result in large
thermal fluctuations. Secondly, the smaller values o f the coherence length result in
lower pinning energies. In addition, these materials are ceramic, which means that they
are very brittle and hard to fabricate into wires. Also their crystallographic structure is
very anisotropic, which means that pinning in some configuration is less effective.
Finally, the use o f these materials is hindered by their low critical current densities.
High-Tc materials are type II superconductors, so their phase diagram also
presents the normal, mixed and M eissner states. However, as seen in Figure 6 , the
mixed state is much more complicated than was observed in co n v en tio n al
superconductors.

In particular, much o f the mixed state in the phase diagram is

covered by a vortex liquid state, characterized by the absence of a shear m odulus. This
prevents effective flux pinning and results in a zero critical current in the sam ple. A
finite value of the current density is only obtained when: (a) the vortex system freezes at
low tem peratures, or (b) when pinning by intrinsic or induced defects takes place.
The presence of disorder in the crystal lattice drastically affects the pinning
properties o f the high-Tc superconductors. When the crystal is free o f defects, the
vortex lattice undergoes a first-order melting transition to a vortex liquid [26, 27, 28,
29]. In sam ples containing disorder, many different glassy states have been predicted.
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In 1989, Fisher [30] proposed a vortex-glass model in sam ples with weak point defect
pinning.

l(/l I I I

..I.1-’

~

t—j _'

.- .I

n$Sggs

•Vortex Glass • • - •
Polym er
G lass

&

Vortex-Lattice
M eissner State

T (K)
Figure 6.

Phase Diagram o f Type II High-Temperature Superconductors.

In this model, the vortex liquid freezes into a disordered vortex-glass state at
temperatures below a glass transition temperature, Tg. In the vortex-glass state, the
vortices lose their long-range positional order, however they keep their long range
orientational order.

The first experimental evidence for the vortex-glass state was

found by Koch et al. in Y B a^^O ? thin film s [31]. Other predicted phases include the
Bose glass [32, 33], splayed glass [34], and polymer glass [35], depending o n the
type of defects induced in the crystal lattice.

As it can be seen from the above

discussion, the ability to control both the pinning strength and the geometry o f the
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disorder in samples o f high-Tc m aterials makes these systems a wonderful tool fo r both
applications and for fundamental research on phase transitions in general.
A theoretical understanding o f the mechanism o f superconductivity in these
materials is still a subject of heated debate at the current time.

In a conventional

superconductor, the symmetry o f the energy gap param eter, A (k), is the same as the
crystal structure symmetry. Unconventional superconductivity refers to the situation
where the symmetry o f A(k) is low er that that o f the crystal [36]. Thus, theories that
try to explain high-temperature superconductors m ust clarify two main features: first,
the mechanisms of the attraction of electrons or holes in the Cooper pairs. And second,
the symmetry o f the superconducting pairing in these m aterials. Conventional type I
superconductors are mainly s-wave pairing, but many results indicate that high-Tc
systems exhibit d-wave pairing. A t this tim e there are m any microscopic models trying
to account for the pairing mechanisms in high-Tc superconductors, acting in addition to
the phonon mediation or instead o f it. Two primary categories o f possible mechanisms
are considered [37]:
(1) Since the application o f BCS theory is not completely adequate in the case o f
high-temperature superconductors, some mechanisms have been proposed in w hich the
electron-phonon mediation is replaced, o r is correlated with, another mechanism. The
electron interaction in this view is based on the exchange o f electronic excitations in the
form o f different types o f bosons: e.g. excitons, bipolarons, plasmons, or electronic
charge transfer.
(2) The second category includes models that consider superconductivity to be
o f magnetic origin, also known as Hubbard-like models: e.g. resonance valence bond
(RVB) model, electronic correlation in the two-dimensional Hubbard m odel, or
antiferromagnetic spin-fluctuation mediated pairing.

The Hubbard model is a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

theoretical model that considers highly correlated electron system s instead of fiee
electron approximations. It assumes only one valence orbital per atom , in which atoms
can have 0, 1 o r 2 electrons. The Hubbard Hamiltonian is symmetric with regards to
the interchange o f an electron with a hole - a useful property fo r the case of hightemperature superconductors, where the Cooper pairs are created from the pairing o f
the holes.
For a more comprehensive review o f these mechanisms see Reference 38 and
references therein.

Crystallographic Structure o f YBa2Cu30 7_5
The high-temperature superconducting compound investigated in this study is
YBajCu-jQ^.

As for all the ceramic superconductors, its structure is highly

anisotropic, i.e. its properties are different in various crystalline directions.
Figure 7 depicts the unit cell o f YBajCUaO?, and one can see that this structure
is characterized by a layered geometry. Copper-oxygen planes are situated on each side
o f the Yttrium atom , and superconductivity is commonly thought to occur in these
planes. The role o f the elements other than oxygen and copper is believed to be
secondary in Y B a X ^ O ^ . Yttrium acts as a spacer and a reservoir of electrons. It can
be replaced with alm ost any other o f the rare earth elements (holmium, erbium ,
dysprosium, ytterbium , etc. except cerium, praseodymium, promethium, and terbium
[39]), and this does not change the superconducting properties in a crucial way.
This family o f compounds is named the REBa2Cu30 7_5 series (RE = rare earth).
The top and bottom layers of the unit cell contain the CuO chains, which are important
reservoirs of carriers for the superconducting planes. Increasing the distance between
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these chains was show n to decrease the superconducting transition temperature.

ismu

Cu()2 planes

O Cu

SIS®;
wmw

Legend.

The dimensions o f the unit cell: a = 3.83 A, b = 3.88 A, c = 11.68 A

Figure 7.

C rystallographic Structure o f th e U nit Cell o f Y Ba 2 C u 3 C>7
Superconducting Single Crystals.

The crystal structure of superconducting YBa2Cu30 76, was solved using X -ray
diffraction [40], and neutron diffraction [41, 42]. The single crystals o f YBajC^Oy
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has an orthorhombic unit cell with the crystallographic axes o f a = 3.83 A,
b = 3.88 A, c = 11.68 A.
The oxygen content is very important for the superconducting properties o f
YBa2Cu30 7_5. Figure 8 presents the dependence o f the critical temperature Tc on the
oxygen content for single crystals of YBajCuaOta [43].

100

6.2

Figure 8.

6.6
7.0
Oxygen Concentration
7 -6

Oxygen Dependence o f the Superconducting Transition Tem perature
for YBa2Cu 307-5 Single Crystals.

Tc is maximum w hen 5 = 0.15, and when 5 increases to 0.6 or higher, the
superconductivity is destroyed. At 8 ~ 0.5, there is an equal population o f oxygen
vacancies along the a- and b-axis, and die unit cell has square symmetry. In this case
the lattice characteristic lengths become a = b, and the sym m etry o f the crystal is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

tetragonal.
Another important structural feature in YBa2Cu30 7^ is the occurrence of tw in
boundaries. Tw inning is a prom inent sub-structure, which exists in general within the
YBa2Cu30 7^ grains, but also in other copper oxides.
The tw in boundaries, show n in Figure 9, are form ed to accommodate the
change in shape during the transform ation from tetragonal to orthorhombic structure
that occurs at about 700°C [44].

Twin boundary

Figure 9.

Tw in Boundary Planes, and the Associated Strain Field

The difference between a-, and b-crystallographic directions is given only by an
oxygen atom in the CuO chains. Hence during crystal growing, it is very easy fo r the
oxygen to flip to the other direction, form ing a strain field between two nearly
equivalent regions. The twin boundaries form a {110} type o f plane and can be found
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in two {110} variants: (110) and (-110).
Hie twin boundary plane typically extends throughout the thickness o f the
crystal, and runs parallel to the c-axis o f the sample. Polarized light m icroscopy reveals
the presence of the twin boundary planes along both surfaces o f the crystal as lines
running at 45° angles with respect to a- or b-crystallographic axis. T he formation o f the
twin boundary is accompanied by the existence o f a strain field o f about 30 A in width.
The pinning behavior o f the twin planes in Y B ajQ ^O ^ has been investigated
by m any authors through electrical transport and magnetization m easurements. Strong
pinning is clearly observed by a sharp drop in the resistivity for field orientations
around a direction parallel to the twin boundary planes.
In Figure 10 w e see die angular dependence o f the resistivity for a single crystal
o f YBaaCujO^ containing twin boundaries.
W e detect a sharp drop in die resistivity around zero degrees, w here the applied
field is parallel to the crystallographic c-axis and the twin boundary planes. In this
configuration die vortices are aligned with the twin boundary planes, and the pinning
force is exerted on die entire length of die vortex. Tilting the field away from the twins
results in an increase in the electrical resistivity caused by a decrease in the pinning
strength. In this configuration, the volume o f intersection between the vortex and the
twin boundary planes is decreased.
The anisotropy o f the superconducting state due to the layered structure o f this
m aterial can be expressed in terms of the mass anisotropy ratio:
f = mc/m ab = (^ab/§ c)2

(1.16)

where m ^ and mc denote the effective m asses [45] o f the superconducting electrons

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

moving in the CuOz layers and perpendicular to these layers, respectively.
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Legend.

Around 0 degrees the resistance has a sharp drop, w here the twin
boundaries and the vortices are aligned.

Figure 10.

Angular Dependence o f the Resistivity for a Crystal C ontaining Dilute
Twin Boundary Planes.

In the case of the YBaoCu30 7.6 single crystals, y2 can vary between 25 and 100
[46, 47, 48, 49, 50, 51, 52].

In bismuth compounds, the anisotropy is larger (~

3000) and in thallium compounds is greater still, reaching reported values up to 105
[53]. Such a large anisotropy m eans that electrons can barely move along the c-axis,
and the superconducting material can be treated two-dimensionally [54], based on the
Lawrence-Doniach model w hich treats the layered superconductor as a stacking of
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Josephson-coupled superconducting layers [55].
Single crystals o f YBa2Cu30 7_s are characterized by a coherence length, which
varies w ith the temperature, through the expression:
S < T )= S (0 )/(1 -T /T c)iy2

(1.17)

where ^ (0) = 16 A [46,56], is the coherence length at 0 K. The values are given for
the magnetic field applied in the c-axis direction and the supercurrent form ing in the abplane. This is why this coherence length is som etim es denoted as £ab. The radius o f
the vortex is considered equal to the coherence length. The penetration depth, A. ab, is
much larger than % and fo r these m aterials is

~ 1,400 A

The parameters fo r the

c-direction range for the penetration depth from X c ~ 5,000 A to 8,000 A, and for the
coherence length ^ between - 3 A to 7 A

Outline of Thesis
The outline of this thesis is as following: in Chapter

n,

I w ill present a brief

discussion o f some theories regarding flux-flow and flux-cieep m odels, pinning forces
and scaling law of the m acroscopic pinning force, and the Bean critical state model.
Chapter HI presents the details of experimental techniques used in the study.
The techniques discussed include: the growth o f single crystals o f YBa2Cu30 7 S, the
method fo r removing twin boundaries (referred to as detwinning), the details o f the
irradiation procedures used to introduce defects, and the methods used for electrical
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transport, m agnetization, and specific heat measurements.
Chapter IV follows the investigation o f the maximum in the field dependence o f
the critical current density, called the peak effect, and o f the enhancement o f the critical
current density using proton irradiation induced defects.

The pinning force due to

point-like defects and cluster defects is studied over a range o f temperatures from 10 K
to 80 K, and in magnetic fields up to 7 T using magnetization measurements. The
measurements were performed using a Superconducting Quantum Interference Device
(SQUID) magnetometer.

The defects were induced through successive proton

irradiations o f the same sample in order to keep the same underlying properties o f the
sample. Annealing treatments were perform ed to determine the nature o f the defects
causing the pinning mechanism responsible for the peak effect.
In Chapter V, the lower critical point o f the first order lattice melting transition,
and twin boundary pinning are studied in a crystal displaying both effects. The study is
performed using a crystal containing a dilute number o f uni-directional twin boundary
planes. Electrical transport measurements were employed to determine the electrical
resistivity as a function of temperature, field, and angle.

A 7 T split-coil

superconducting system equipped with a rotating stage was used. The coexistence o f
the two phenomena and their angular dependence is investigated.
Chapter VI includes a study o f the vortex dynamics in crystals containing
correlated defects in the form of columnar tracks induced through heavy ion irradiation.
The first order transition from the vortex liquid to the vortex lattice is analyzed before
and after heavy-ion irradiation as a function of the orientation between the magnetic flux
and the c-axis o f the crystals.
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CHAPTER n

RELEVANT THEORIES
H ie lines o f magnetic flux penetrating die superconducting m aterial are
quantized in discrete bundles known as vortices. Each vortex contains a quantum of
flux, <j>0 = h / 2e = 2 .0 7 x l0 15 T m2 and the region at the core o f the vortex is in the
norm al state, i.e. Ii|/I2 drops to zero at the center o f the vortex. The spatial extension of
die each vortex is limited by the coherence length, which in die case o f type II
superconductors is much sm aller than the penetration length o f the magnetic field. The
coexistence o f the vortices with an electrical transport current produces a Lorentz force
acting on each vortex that tries to move it sideways, creating electrical resistance. I f the
flux lines are continuously moving, then the superconductors can not carry electrical
currents w ithout resistance. Fortunately, the vortices can be stopped in their m otion by
im purities, vacancies, defects, and grain boundaries; this effect is called flux pinning.
The vortices interact with each other, thus the neighboring vortex will “feel” the
influence o f the pinned vortex and its motion will be affected by the pinned vortex. At
high temperatures in the liquid state, the absence of die elastic shear modulus leaves the
unpinned vortices flee to m ove, while in the solid vortex state with an elastic shear
modulus it is much easier to pin die interacting vortices. The vortex system freezes in a
lattice, that is, the vortex lines are behaving much like a liquid freezing in a solid
structure. In type n superconductors the critical current Jc depends on the dynamics o f
the vortices. In the following, I will introduce some o f the theories that are involved in
explaining this motion. This chapter includes a discussion about flux flow and flux
28
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creep, scaling law o f the pinning force, and Bean critical state model.

Flux Flow and Flux Creep Theories
The Lorentz force acting on a unit length o f a vortex is given by:

F l = J x <|>o

(2. 1)

with the corresponding Lorentz force density:
fL = J x B

(2.2)

Below we consider the sim plest case where the magnetic field and the electrical current
density are perpendicular to each other, then 2.1 becomes just: FL = J 4>0.
If this force is larger than the pinning force o f die defects, denoted by F p, the
vortex w ill move along the direction of FLwith a velocity v. The m otion o f the vortices
induces an electrical field:
(2.3)
If the crystallographic structure of the sample does not contain any defects, the
vortices are free to move, and the only force acting on the vortices is the drag force
proportional to the velocity:
F,

(2.4)

where T| is the viscous drag coefficient, and FDRAG is the damping force and is equal in
this case to the Lorentz force.
Then for this case, the electrical field becomes:
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E=B

v=

JB<J>0/

(2.5)

ti

The resistivity due to the flux flow, pFLOW, is then given by:

P flo w

= E / J = B<j>0/T |

(2.6)

which is linear in the magnetic field B if the viscous drag coefficient is independent o f
die field.
M oreover, die rate of energy dissipation of a unit length o f a vortex due Lo its
motion, W, can be expressed as:
W =

(2.7)

Fl v = h v 2

So, die drag coefficient can be determined if a relation between the energy dissipation
and the velocity is available. From there, the electrical resistivity due to the vortices can
be found.
The proposed explanation for this dissipation energy originates from the m otion
of the vortex core through an ordinary resistivity process [1]. W e consider the core o f
the vortex extending over a radius

W e assume for simplicity that the entire area

inside the core o f the vortex (r < £) is in the normal state, while outside the core region
(r > §) the material is in the superconducting state, so we have a discontinuity a t the
interface between die two domains. According to the first London equation [2] the
macroscopic field outside the core (r > £) is expressed as:
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E* = E (r> 5 ) =

dt

C m* YS- >
2e

(2.8)

where vs = vs 0 is the vortex circulation velocity, and is given by the Ginzburg-Landau
theory [3] to be vs = h / 2jnn*r, then:

E '= — ( ----- )
dt
47ter

(2.9)

In the system of coordinates o f the vortex core that is moving with a velocity v = dx /dt
along the x-axis, we characterize the circulation by the angle 0 starting from the x-axis,
then the previous equation can be written as:

E =v

3 ,

h§

dx

4ner

x
h
A
a
) =v--------- - (cos6 0 - sin6 r )

(2.10)

4jcer2

The electric field inside the vortex core can be found from the continuity o f the
tangential component of die field at die boundary between the normal and
superconducting regions (r = £) along the x-axis to be:
E" = E ( r > 5 ) = v

— ---- $
4jce£2

=v —^ — &
2e |2

(2 .1 1 )

where <j)0 is the flux quanta characterizing each vortex. Then, the energy dissipated by
the m oving core is given by Ohm’s law, and can be written as:
W = n ? a mI E"l2 = v2 0O2/ 4 jc ? p B

(2.12)

However, the assumption made that the interface between the norm al and
superconducting state is discontinuous at r = ^ is a very poor approximation. Outside
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the core area there is still an additional energy dissipation and the total dissipation fo r
die core would, give:
W = v2 <|>02/ 2 n $2p„ = v2

where

$ 0/ p B

(2.13)

= <{>„ / 2 7t £2 is the upper critical field. Then, the resulting form o f the

viscous drag coefficient given by equations 2.7, and 2.13 is:
t\ =

K c2 <t>0/ p a

(2.14)

and the resistivity due to the flux flow is expressed as:

(2.15)

P flow — P« ® ^ ®c2

At zero tem perature, if die pinning force is greater than the Lorentz force, die
vortices are pinned by the pinning centers in the material. A t a finite temperature,
however, the vortices can still move because o f thermal activation, even if the Lorentz
force does not exceed the pinning force. This phenomenon is called ./free creep and it
was predicted by P . W . Anderson [4],

The phenomenon has been studied in both

conventional [5] and unconventional high-temperature superconductors [6].
The assumption is that the vortex is located at the bottom o f a pinning potential
well o f depth U p. The energy necessary for the vortex to escape from the well is U p.
At a temperature T, the vortex can hop from the well even w ithout any other stress
acting on it, but sim ply due to thermal activation. The probability R ' for this process to
occur is given by:
R' = f0 ex p (-U p/k T )
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(2.16)

where f0 is die attem pt frequency o f the hopping vortex (Figure 11, top panel). There is
no netm otion o f the vortex in this case because the probability o f hopping is equal for
both directions.
Ur
f \ r >

J _

r

Un+AW
U n-A W

U n = AW

ksgSBdr

(Top panel) The vortex is not acted upon by an external stress;
(M iddle panel) A L orentz force acts w ith a work AW (AW < U p) on
the vortex, m oving it in the direction o f the force (flux creep);
(Bottom panel) W hen AW > U p the regim e is called flux flow.

Figure 11.

Vortex in a Potential W ell of Depth Up.

When the vortex feels an im posed stress, as in the case o f a Lorentzforce
caused by a transport current, or o f a gradient o f the density o f vortices in
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the

34
superconductor, there is a preferential direction for the motion (Figure 11, middle
panel) and the probability o f hopping is:

Rfcrwam = fo exp [-(Up - AW) / kT]

(2.17)

where AW is the work needed to move the vortex from the bottom o f the potential well
to the top of the well. In the direction opposite to the stress, the probability is:
Rbackwarc =

exp [-(Up + AW) / kT]

(2.18)

then, the net hopping probability is:

^ R tb rw a rd -R b a c ^ 2f0 exp (-Up / kT) sinh (AW / kT)

(2.19)

There are two possibilities to be considered in the above expression:
(1) The case when AW »

kT, the temperatures are very low or the stress is

large. In this case the thermally activated effect is weak, and the hopping probability in
the opposite direction o f the stress can be neglected. Then the net probability becomes:
Rn« = f0 exp [(AW -Up) / kT]
(2) The other case is when AW «

(2.20)
kT, and the vortex system is acted by a

small stress or the temperature is high. In this case the thermally activated effect is very
strong and the probability of hopping becomes:
Rnet = 2f0 (AW / kT) exp (-U p / kT)
There is also the case for AW > U p, when the process

(2.21)
becomesa flu x flo w
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rather than a flux creep (Figure 11, bottom panel).
Let us consider the work due to the action o f the Lorentz force density fL to be:
A W = fLVarp

(2.22)

where Va is the activation volume, and rp is the effective range o f the interaction with
the pinning center.
If the defect is extended along the Lorentz force direction over a distance larger
than the coherence length

then the effective range o f interaction rp is equal to the

dimension of the defect If the dimension of the defect is smaller than the coherence
length

then rp ~ £ for isolated vortices, and rp = a<, / 2 for overlapping vortices, where

ao is the flux line lattice constant [7].
In the case o f a low density o f defects N p, situated at distance d apart (d > a^
die activation volume is taken to be: Va~ 1 / N p.

This volume can contain several

vortices which m ove collectively as a flux bundle [4]. For a high density o f defects (d
< ao), the activation volume is Va ~ a / Lc, where Lc is called the correlation length along
the flux line and depends on the elastic properties o f the vortex lattice [8].
Two main types of measurements are perform ed in the present work: electrical
transport and magnetization measurements. In the first case, the resistance is measured
through the potential drop obtained when a transport current is passed through the
sample, while in the second case the magnetization is measured while sw eeping the
magnetic field.
hi the case o f electrical transport measurements, for a small electrical transport
current we want to determine the resistivity. The voltage signal in these measurements
is measurable only at high temperatures, near the transition temperature Tc. U sing
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equations 2.22 and 2.21, the velocity of the vortex v is:
v

\

= 2 k f0 (AW / kT) exp (-U p / k l )

(2.23)

where lh is the distance over w hich the vortex will hop due to thermal effects, and the
action o f the Lorentz force. The Lorentz force density for a transport current w hich is
perpendicular to the magnetic field is FL = Jc B, then equation 2.23 becomes:
v = 2 lb f0 (Jc B Varp / kT) exp (-U p / kT)

(2.24)

The value o f ^ is taken to be ao for a low defect density, while in the case o f a high
density o f defects lh is about the dimension of rp [8]. Then, the electrical field induced
by the vortex moving in the m aterial is E = v B, and the resistivity due to the flux creep
is:

P creep =

2 lh f0 (B2 Va rp / kT) exp (-U p / kT)

(2.25)

In the case of magnetization measurements, where the electrical transport
current is absent, the Lorentz force density is due to a gradient of vortices inside the
material and can be expressed as:

= 1 / Pt> (V x B) x B

(2.26)

In this case the stress is large and the transport density is the amount of flux that
crosses a line perpendicular to B, and V B per unit o f length and unit of time, and can
be expressed as:
D = ( VB / 1VBI) B 1* f0 exp [-(Up - AW)/ kT]
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(2.27)

where AW = V„rp / m, l( V x B ) x B l. However, conservation o f the transport density
field requires:
dB / dt = -V • D

(2.28)

and die resulting expression including equation 2.27 is:

3B / dt = V*{ (V B / IV BO B lh f0 exp K U p - A W )/kT ]} (2.29)
Equation 2.29 is a non-linear equation w ith no unique solution. It was solved for a
cylindrical geometry, and the result is expressed as:
(l/M )(d M /d ln t) = - k T /U 0

(2.30)

where U0 is the apparent pinning potential and is related to the real pinning potential Up.
The values o f the two potentials are identical when the gradient o f induction approaches
zero [5].

Scaling of the M acroscopic Pinning Force
In an ideal type II superconductor, the free energy of the vortices is independent
o f position and the vortices are distributed uniformly over the superconductor, forming
the Abrikosov triangular lattice [9].

If the crystal contains defects, then the local

distribution o f flux is changed and the free energy of the vortex varies with position.
The variation in free energy can be positive or negative. When the variation is negative
the vortices minimize their free energy by placing themselves close to the defects.
The theoretical study of the flux pinning is not straightforward. One has to
know first die particular interaction between the vortex and the defect, and then this
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interaction has to be summed over the spatial distribution of pinning centers in the
material while taking into account the elastic and plastic properties o f the vortex system.
The vortex-defect interaction is related to the variation o f the order parameter in the
region where the inhomogeneities exist [10].
In the expression o f the Ginzburg-Landau free energy f [11]:
f = J d3r [A IAI2 + B I Al4 / 2 + C 0 Al2 + h2 / 2 n j

(2.31)

the defects change the values o f the coefficients A, B, C, and of the pinning
potential A. The perturbation o f die parameters A and B is due to the presence of
dislocations and this affects also the superconducting properties o f the material, and
consequently change Tc. On the other hand changes o f the mean free path o f the
electrons due to the presence o f voids, grains and twin boundary planes in the material
influence the C coefficient [12].
The elemental pinning potential can be obtained from the above equation by
integrating the free energy over the entire volume o f the disorder. The absolute value of
the gradient in the pinning potential yields the elemental pinning force, fp. A general
formula fo r this force can not be given, since the force is highly dependent on the type
of disorder and the orientation o f the vortex relative to the defect.

How ever, the

resulting macroscopic pinning force density, Fp, is directly related to the critical current,
Jc, by the relationship Fp = Jc B.
In chapter IV, I will discuss a very important behavior in high-temperature
superconductors, known as the peak effect, where the critical current density displays a
maximum as a function of applied magnetic field. This effect is visible over a very
large interval o f temperatures.

The existence o f this phenomenon is related to a

maximum in the magnetic field dependence o f the macroscopic pinning force, Fp.
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Although it w as discovered about 40 years ago, the phenomenon is not completely
understood yet.
In an article published by W. A . Fietz and W . W. Webb [13], they found that
heavily w orked niobium based alloys are very well described by a pinning force that
can be scaled as:
Fp = [B ^C D f f(B /

(2.32)

where Bc2 is the upper critical field, and n is an exponent that varies from 2 to 3
depending on the material. The scaling law is valid in the case of many type n
superconductors. The physical significance o f the expression is that by m easuring F p,
and f(B / Bc2) at one temperature, the pinning force at all other temperatures can be
determined by scaling the result with a factor of [Bc2(D ]n. This is true only for the case
where one pinning mechanism is present over the entire range o f temperatures for
which the scaling law is applied.
The m odel proposed for the behavior of the macroscopic pinning force [14]
starts with two essential assumptions:
(1) At low values of the reduced field b = B / Bc2, the pinning force is given by
a function dependent on b due to the suppression o f the interaction between the vortex
and the pinning centers, when the Lorentz force exceeds the pinning strength o f the
defects. This function must be an increasing function o f b to properly describe the
experimental results, implying an increasing pinning force w ith respect to the reduced
field b.
(2) W hen the reduced field increases, the vortex deform s plastically around the
strong pins. Since the shear modulus C66 o f the vortex lattice is a decreasing function
o f the reduced field, the pinning force w ill be also proportional to C ^, and decreases as
the magnetic field increases. At the value o f the field where the pinning reaches a
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maximum, a peak in the magnetic dependence o f the pinning force is found.
The pinning forces in both cases should have a power law dependence on B c2 as
[B^CT)]0 due to the expression o f the scaling law in equation 2.32.
In the case o f type n conventional superconductors the values of the upper
critical field Hc2 are experimentally accessible, while in the case o f high-temperature
superconductors the value of the upper critical field is much larger. In this case another
experimentally accessible value has to be found for the scaling o f the macroscopic force
with respect to the reduced field b = B / B c2. The simplest experimental value that can
be used to replace

which has a sim ilar temperature dependence as the upper critical

field is the field at which the maximum in the magnetization is achieved. Even so, for
low temperatures (up to ~ 45 IQ, only a high magnetic field system can reach the field
a t the peak.

Bean C ritical State Model
When a type n superconductor is cooled below the transition temperature and is
placed in a magnetic field larger than the lower critical field, the magnetic flux
penetrates the sample in the form o f vortices. If the crystallographic structure contains
defects, then the distribution of vortices inside the sample is inhomogeneous, and few er
vortices are found in the center of the m aterial than close to the m argins. This gradient
o f vortices forms a driving pressure directed towards the lower vortex density, which
originates from the Lorentz force. Therefore, the current density can be found using
M axwell’s equations to be:
J = ( l / p 0) V x B

(2.33)

where Po is the permeability o f free space, and the equation is written in SI system of
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units.
When the Lorentz force equals the pinning force, the m otion o f the vortices at
zero temperature stops. At a finite temperature though, there is still motion due to the
thermal activation of the vortices. The equilibrium state established by the balance of
the two effects is called the critical state, and a model to explain the vortex penetration
in this state was proposed by Bean [15]. In the Bean m odel, the superconducting
current is assumed to be its maximum value Jc [16].
Let us consider a sample of rectangular cross section as shown in Figure 12.
z

0 ^

►! 2d k
Figure 12.

Flat Geometry Superconductor in Magnetic Field.

The field is applied along the z-direction, and the thickness o f the sample in the
x-direction is 2d.

The value of the superconducting current along the y-axis, as

determined using equation 2.33, is only a function o f x and is expressed as:
Jc(x) = Cl / Mti) [dB(x) / dx]
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(2.34)

42
The value o f the critical current is a function o f the pinning properties o f each
specific sam ple, through the field gradient that is influenced by the disorder.

The

predicted dependence for Jc is a decreasing function o f temperature and o f the applied
magnetic field. This naive expectation was based on the assumption that while the
number o f vortices increases w ith field and thermal activation becomes m ore important
at larger temperatures, the disorder is not dependent on any o f the above param eters.
However, experimental data showed results different from the predicted ones.
We use the critical state m odel to calculate the critical current density using the magnetic
hysteresis loops.
The Bean critical state model assumes that the critical current is independent of
the field in the crystal [14], thus the field distribution from equation 2.34 is:
d B ( x ) / d x = ± p 0 Jc

(2.35)

From this relationship we can proceed and determine the magnetic induction:

(2.36)
where A is an integration constant depending on the boundary conditions:
(1) F or x = 0 we have B(0) = B, where B is the applied magnetic field and the
current density is positive [Jc(x) > 0]. Then, it follow s that A = B and the field inside is
written as B(x) = -

Jc x +B.

(2) For x = 2d the condition is B(2d) = B, and die current density is negative
(Je(x) < 0). Then the integration constant A is deduced from B =

Jc 2d + A to be:

A = B - M c 2d
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In this case, the m agnetic induction becomes B(x) = p.0 Jc (x-2d) + B, and the
magnetization is written as:
M = [B - B fr)] / Ho = [B - ( / B(x) dx) / 2d] = - Jc d / 2

(2.38)

The solution holds for increasing the field from 0 T, to the maximum positive applied
field.
When the field is decreased to 0 T, the magnetization is given by:
M+ = + Jc d / 2

(2.39)

and the critical current can be obtained from the values o f the magnetization on the
upper and lower branches o f the hysteresis loop to be:
Jc = [M '(B) - M+(B)] / 2

(2.40)

In Figure 13 we show a hysteresis plot in w hich the magnetization is plotted as
a function of the applied magnetic field at constant temperature, and the arrows show
the way the field is applied.
The corresponding magnetic field and critical current density based on the
critical state model are show n in Figure 14, and Figure 15 for increasing and decreasing
field, respectively, for a flat plane geometry of the superconducting sample.
(1) We start by cooling the sample in zero applied magnetic field in order to
avoid trapped flux inside the crystal. Then we apply magnetic field. For values below
die low er critical field H cl, the field is completely expelled and the magnetization is
proportional to the field, and the induction inside the sample is zero (the M eissner state
[17]).
(2) Then, for a field larger than the low er critical field the vortices start
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penetrating a short distance into the sample from the m argins, and the sample is in die
critical state. A t the edges of the sample, the field has the external value B(0) = B(2d) =
B, while inside the sample an inhomogeneous density o f vortices creates a distribution
of the induction B(x) and a current density Jc. The inside layer (x, < x < x^) is still field
fiee (Figure 14, upper left).

90

T = 65 K

cn

e0

1<o

-90 HII c-axis
-8
-4
0
H (T)
Figure 13.

4

8

H ysteresis Plot, the Arrows Show the Cycling o f the Magnetic Field,
at a Constant Temperature T = 65 K.

(3) As the field is increased farther, the sample is eventually completely
penetrated by field and the superconducting current circulates now throughout the bulk.
The superconducting current direction is such that on half o f the sample it passes in the
positive y-direction, while for the other half o f the sample it passes along the negative
y-direction (Figure 14, bottom right, and left panels).
(4) If we now decrease die field, only the part of the field distribution close to
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the edges o f die sam ple follows the field change first (Figure 15).

o
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Figure 14.
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Jc

0

0

-Jc

-Jc
The D istributions o f the M agnetic Induction and o f the C ritical
C urrent Density for Increasing External Applied M agnetic Field.

(5) When the field is decreased to zero, there is still some field trapped inside
the sample, mostly concentrated in the center o f the crystal, so at zero external field the
magnetization signal is different than zero (Figure 15, upper, right).
(6) If we continue to apply field, this tim e in the opposite direction, the direction
of B(x) and Jc(x) can be obtained in a similar way.
In the following chapters we will apply the theories of flux creep and flux flow ,
o f the pinning force scaling, and of the critical state model to calculate and analyze the
evolution of the critical current density w ith induced disorder. Through this quantity
we were able to m onitor the behavior of the vortex-defect interactions in single crystals
o f Y B a^U jO ^ high-temperature superconducting m aterial
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CHAPTER HI

EXPERIMENTAL TECHNIQUES
In this chapter some experimental techniques will be introduced.

These

methods were used in growing the superconducting YBajCujO.^ single crystals, and
preparing them for measurements.
The defects that can interact with die vortices are either intrinsic to die samples
(in the form o f oxygen vacancies and tw in boundaries), or induced through irradiation
(point-like defects, clusters o f vacancies, and columnar defects).

The irradiation

process used w ill be described in detail, as well as the techniques employed in
collecting the data.
The two main experimental methods used to acquire data in this thesis,
magnetization and electrical transport measurements in applied magnetic fields, wall be
presented.

Specific heat measurements are a very powerful tool fo r studying

thermodynamic quantities. This method (along with the magnetization measurements),
also avoids die problem of making electrical contacts to the samples. Our group started
using this method close to the end of m y thesis, thus I will not include too many
experimental details about this technique.

48
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YBajCUgQ^ Crystal Growing

Crystal Growth in Gold Crucibles

The superconducting samples studied in this thesis are YBa^U jO -^ single
crystals. A self-flux growth method [1] was used and the preparation of the initial flux
started with very high purity of oxide pow ders (99.995 % and better purity) o f Y20 3,
BaC02, and CuO. The molar ratio of the elements Y: Ba: Cu was 5:27: 68.
This m ixture of oxides is ground using a m ortar and a pestle made o f agate for
about 30 m inutes until we obtain a uniform powder.

The 9.33 grams o f the oxide

mixture is sufficient to prepare two pellets. For shaping the pellets we use a hydraulic
press and a m old. The powder is placed in the mold and pressed for about 1 minute
using a pressure o f about 17x10s N/m2. W e obtain a pellet o f about 3/4” diam eter, and
of 1/4” height Each pellet is placed in a separate gold crucible. The Au crucibles are
made from a rectangular Au sheet and die center of die crucible is raised in order to
allow the m elting flux to spread away from the waste m aterial that remains in the p ellet
The pellet is placed in the crucible, and the crucible is positioned in the center o f a box
furnace in order to optimize the temperature gradient The pellet is heated from room
temperature to a maximum temperature o f 983°C and then cooled slowly in stages. The
procedure lasts about 7 days. Table 1 show s the sequence used for growing the single
crystals in the gold crucibles.
At the end o f the sequence, the crucible is removed from the furnace and p art o f
the initial pellet can be seen still in the m iddle of the crucible. Part of it melted during
die heating sequence and around the central parts o f die crucible a mixture o f shiny,
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black, rectangular shaped crystals and other flux can be seen.
Table 1
Sequence for Growth of Single Crystals o f YBa-CUjQ,.^ in
Gold Crucibles

N o.

Ramp

Set Point

Dwell Time

CC /h ou r)

Temperature

(hours)

(°C)
1

300

861

0.0

2

50

889

7.0

3

50

917

9.0

4

110

983

1.1

5

1

866

0 .0

6

200

24

END

In. Figure 16 the temperature-time profile of the growing sequence is shown,
while the inset details the high temperature portion of the growth sequence.
The single crystals o f YBajCv^O^ are extracted from the flux easily by tapping
on the bottom o f the crucible.

After extraction the crystals have to be cleaned

individually, and freed from the flux that can still be attached to them. This insures the
success o f subsequent annealing, and oxygenation treatments.
The gold crucibles can be cleaned easily by immersing them in a solution of
water and HC1 for about 24 hours. After a few growing processes the gold crucibles
need to be reconditioned. The steps followed are:
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(1) Firstly, the crucible is cleaned with solution o f water and HC1 to remove any
rem aining flux.
(2) Then, we place the crucibles in a furnace at 950°C for about 12 hours.
(3) A fter cooling, the crucibles are cleaned in a solution of water and HC1.
(4) Steps 1 to 3 are repeated two more times.

1000
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0

960

j" 940
3

g. 400

S 920

E

1 900
880

200

860

Time (hours)

0

20

40

60

80

100 120 140

Time (hours)
Figure 16.

Tem perature Profile for C rystal G row ing Sequence U sing Au
Crucibles.

Crystal Growth in Zirconia (ZrCU Crucibles
W hen using Zirconia crucibles, the necessary mass is 3.5 g of the pow der
oxides in a molar mass ratio o f elements Y: Ba: Cu o f 1: 4: 10. The mixture is again
ground to obtain a fine and uniform flux. The Zirconia crucible is placed at an angle in
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another larger crucible, such that one side o f the crucible is raised relative to the
horizontal plane. The flux is placed in the sm aller crucible such that it occupies die
upper half, so that w hile melting, the flux can flow down die inclined plane formed by
the raised crucible. T he flux is placed in the furnace and the temperature is raised from
room temperature to a maximum of980°C follow ing the sequence described in Table 2.
Table 2
Sequence fo r Growth o f Single Crystals o f YBa2Cu30 7^ in
Zirconia Crucibles

No.

Ramp

Set Point

Dwell Time

(°C / hour)

Temperature

(hours)

(°C)
1

Step(maximum power)

300

0.0

2

100

880

0.0

3

25

980

1.0

4

6.2

880

0.0

5

100

25

END

The whole sequence is about 2 days long and is a very fast way of producing
superconducting m aterial. The temperature profile o f growing single crystals using the
Zirconia crucible sequence is shown in Figure 17.
At the end of the sequence the crucible is removed from the furnace and the
single crystals can be seen around the com ers o f die crucible. A scalpel is used to
remove the crystals since they are not embedded in flux as in the case o f gold crucibles
growing. Also Zirconia crucibles are not malleable like the gold ones and tapping to
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extract the crystals can crack die crucible.
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5

10

15 2 0 2 5 3 0 3 5 4 0
Time (hours)

T em perature P ro file fo r Z irconia C rucibles C rystal G row ing
Sequence.

YBa2Cu30 7^ Annealing Treatments
A t the end o f a grow ing sequence, the as-grown samples have a very low
superconducting transition temperature: between 60 and 80 K.

Also the transition is

very broad and extends over ~ 30 K range [2]. This situation is due to die low O,
content, and annealing die sam ples in flowing oxygen gas, at 420°C increases the
oxygen concentration and improves their superconducting properties.
Prior to annealing, the crystals are cleaned individually of any remaining flux on
their surface. This ensures that the surface is clean, and the oxygen is free to diffuse
inside the material. The sam ples are placed on quartz crucibles, and the crucibles are
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slid to the center of a quartz tube. The tube is introduced in a tube furnace and oxygen
is passed through the ends of the tube at a rate of about 2 cm3/m in. The temperature is
raised at 420°C for about 10 days, and then slowly cooled. A t the end o f the annealing
process the superconducting transition occurs at about 93 K and the width o f the
transition can be smaller than 300 mK.

Crystals Detwinning
As was mentioned in the first chapter, during sample growth a rotation o f 90°
can take place in the basal plane of the crystal structure at a temperature of about 700°C .
This produces a planar defect in the samples in the form of twin boundary planes.
Figure 18, left panel, presents the picture of a crystal taken with a polarized light
microscope. The domains of twin boundaries are clearly visible.
In order to remove the twin boundary planes a thermo-mechanical [3, 4]
technique is used with a device known as a detwinner.

Twinned
Figure 18.

Untwinned

Polarized L ight M icroscope Views of a Y B a 2 C u 3 C>7-5 C ry sta l:
Twinned (Left), and Detwinned (Right).
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A diagram of the detwinning device is shown in Figure 19. Uni-axial pressure
is exerted through a spring activated by a micrometer. In this way minute advances o f
die rod are obtained. The crystal is placed between quartz plates pressed together
through the action of the rod. The pressure is of die order of 107 N /m 2. The device is
placed in a closed furnace, and the temperature is increased to about ~ 420 - 440°C. An
oxygen line produces a flow o f oxygen around die crystal in order to keep the oxygen
content constant in the material, hence the superconducting properties are preserved
during this procedure.
The effect sought with this procedure is for the atoms of oxygen to align along
the b-axis and freeing the a-axis from excess oxygen, hi this

manner

the basal plane

will contain the crystallographic aligned a- and b-axes, and the tw in boundaries are
removed (Figure 18, right panel).

Sample

Glass rod

*

Glass plates
Figure 19.

0 2 flow

and
ball bearing

Micrometer

Detwinning Device.

Removing the twin boundary planes is a tedious process but a necessary one.
The presence of twin boundaries can obstruct an understanding of the dynamics o f the
interaction o f the vortices with the irradiation induced defects, due to the simultaneous
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interactions o f the vortex with different types o f defects in the samples. Twin boundary
planes act as correlated pinning sites [5], and they interfere w ith the irradiation induced
columnar defects.

Crystals Polishing
Heavy ion irradiation is performed to induce colum nar defects in the single
crystals of Y B a^i^O ^g. A Monte-Carlo simulation program called TRIM (TRansport
of Ions in M atter) [6], can be used to calculate the range o f various ions in the sam ple.
Based on these calculations, the thickness o f the YBa2Cu30 7.s single crystals has to be
about 30 pm in order to obtain uniform tracks that run along the whole thickness o f the
sample. This m akes it necessary to polish the single crystals down from their as-grow n
thickness.
The sample is mounted on a steel puck and m anual, and automatic polishing is
performed. To m ount the sample we increase the temperature o f the puck to about
120°C, and use crystal bond to secure the sample in the m iddle o f the puck. To prevent
the sample from m oving during polishing and also to offer a thickness reference, the
sample is placed between metal, glass, o r plastic shims o f 25-30 pm . After cooling and
hardening of the mounting glue, manual grinding starts using a 30 pm polishing grit.
The polishing continues until the top surface of the crystal is reached.

T hen, the

grinding continues using an automatic polishing machine equipped with polishing disks
using 12 pm down to 1 pm diamond-in-oil suspensions. In order to free the surface o f
any scratches that would act as surface defects, polishing is finished with a 0.1 pm
diamond suspension. Using this technique, samples of about 30 pm thickness are
obtained.
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Crystal Irradiation
The dynamics o f the vortices is dramatically affected by the geometry o f defect
with w hich the interaction takes place.

Defects induced by two different types of

irradiation are the subject of this study: proton and heavy-ion irradiation.
Proton Irradiation
The proton irradiations were performed using the tandem accelerator at W estern
Michigan University. The energy of the beam was 9 MeV for all the irradiations
perform ed and described in this thesis. The sample was irradiated at room temperature
using a low beam current of about 10 nA. During the trial irradiations the temperature
of the sam ple was monitored with an iron-constantan thermocouple. The temperature
never increased by more than 20°C above room temperature.

This ensures that

irradiation induced defects will not anneal out due to excessive heating of the crystal.
The beam was directed parallel to the c-axis of the crystal. A collimator covered w ith a
gold foil o f about -1 .2 jam thickness was mounted between the beam and the sam ple.
Before irradiation, radiographic film was exposed to the beam for -5 sec in order to
confirm that the beam is uniform.
The TRIM simulation program [6], yielded a stopping range of 280 p m for
9 MeV protons in Y B ajC ujQ ^, which is much larger than the thickness o f our
samples.
Transm ission electron microscopy has revealed that for proton irradiation about
30% of the defects are clusters with an average diameter o f ~ 30 A [7], Defect densities
were determined by taking into account that ~ 30 % o f the defects anneal out at room
temperature [8, 9].

The maximum dose of 2 x l0 15 p/cm2 used in this experiment
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creates one defect out o f 2,900 unit cells o f the structure. This damage produced in the
crystal structure induces no detectable change in Tc (STC< 100 mK), while normal state
resistance only increases about 6 % [10].
H eaw -Ion Irradiation
For performing heavy-ion irradiations, two facilities were used:
(1) The 36” diameter ATSCAT chamber at the Argonne Tandem Linear
Accelerator System (ATLAS) at Argonne National Laboratory.
(2) The N3 chamber at the National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University.
The configuration used in each of the heavy-ion irradiation experiments is
shown in Figure 20. The samples are placed on a support located at the center o f the
irradiation chamber. The samples are first mounted on aluminum plates, which are
fixed on the support (irradiation ladder) with screws at the edges o f the plates. This
configuration is shown in Figure 21. The top plate contains a hole o f radius r drilled in
the center. The radius o f the orifice determines the dimension o f the irradiation beam .
At the back o f the ensemble, a Faraday cup is mounted to m onitor the beam current
through the hole. The Faraday cup is a long cylindrical aluminum cup. A second
electrometer connected to the irradiation ladder is used to m onitor the current beam
during irradiation.
W hen the charged heavy ions collide w ith the surface o f the target, a current is
produced which can be monitored through the wire mounted on the ladder. Secondary
electrons from the collision are sprayed outward from the targ et

Therefore, a

suppressor plate is mounted in front o f the targ e t. A voltage difference is applied on
die suppressor forcing the charges to fall back onto the target

During the initial
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focusing of the beam , monitoring the current on the suppressor helps to steer the beam
onto the target.
Before irradiation, the samples are centered with respect to the ion beam to
ensure uniform irradiation.

Ion beam .
direction V
Vacuum
chamber

Beamline
Electron
suppressor

Sample
mount
ladder
Battery

Faraday
cup

Electrometers
Figure 20.

H eavy-ion Irradiation Cham ber Configuration.
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Ladder front view
Hole
radius

Figure 21.

Samples

C onfiguration fo r the Sam ple Irrad iatio n Support ( S a m p l e
Ladder).

The irradiation chamber is then closed and pumped from atmospheric pressure
down to -10* T orr, and the focusing and steering o f the irradiation beam is perform ed.
A check of the uniformity of the beam is performed by exposing radiographic film for
about - 5 seconds. In our studies, we are interested in knowing with precision the
number o f defects per unit area, therefore determination o f the dose of irradiation is
very im portant The beam is steered such that it ju st passes through the hole at the top
of the irradiation ladder, while covering it completely. The current on the Faraday cup
Ipcis then measured. Knowing the charge of the accelerated ions to be Q, the io n flux
is:
F = Ipc / (QA) = Irc / (ZeA) = Irc / Zefttr2)

(3.1)

where A is the area o f the hole, r is the radius of the hole, Z is the atomic number o f the
ions in the ion beam, and e is the electronic charge. Then the irradiation dose, n, is the
ion flux times the duration of the irradiation:
n=F t
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n=Ft

(3.2)

Then the time needed for an irradiation run will be:
t = n / F = n Ze(7tr2) I ^

(3.3)

A very convenient way o f expressing the irradiation dose used for a given
heavy ion irradiation is through the notion of the “matching field” B r

The quantity

represents the m agnetic field H at which the number of vortices are equal to the number
of columnar defects produced by irradiation. A t the matching field H = B^, there is one
vortex for every defect Since the flux is quantized for each vortex, the value o f the
field determines the number of vortices formed in the sample at a specific field H:
N = H/<&0

(3.4)

The advantage of tailoring the crystallographic lattice through irradiation in
order to study the dynamics of the vortices is evident Through irradiation, one has
control not only over the number o f defects induced in the crystallographic structure,
but also over the type and dimension o f the defects produced.
In Figure 22 we show the interaction o f the vortex with three different types of
defects:
(1)

The defects can be point-like in shape (top left). These can be intrinsic to the

sample in the form of impurities or vacancies, or they can be induced through proton or
electron irradiation. Electron irradiation produces mainly interstitial oxygen vacancies,
which are weak pinners, while about 30% o f the defects formed by proton irradiation
are clusters of vacancies.
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Figure 22.

(2)

The Interaction of Vortices W ith D ifferent Types o f D efects in the
C rystal Structure: Point-L ike (Top L eft), Colum nar (Top R ight),
Planar Defects (Bottom).
Defects induced by heavy-ion irradiation are columnar tracks [11, 12] of

amorphized material with a surrounding strain field that typically extends about 30 A
[13] beyond the edge o f the track (Figure 22, top right).

The exact radius o f the

amorphized track, and the extent of die strain field depend on both the energy and the
size o f the ion used in the irradiation. In certain energy ranges, the tracks can lose their
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linear characteristics. The nature o f the m aterial in the columnar tracks can be imaged
with transm ission electron microscopy TEM and is visibly different than the region o f
unirradiated m aterial where the crystalline structure is untouched.
(3)

The defects can also have planar configuration, which is the case for tw in

boundary planes, or for the planar structure o f the m aterial (Figure 22, bottom).

Electrical Transport Measurements
A key point in measuring the resistivity o f the superconducting single crystals
of Y B a^U jO ,^ is die application of electrical contacts on the surface o f the sam ples.
Due to the sm all value o f the resistivity in this material, a four-wire technique is alw ays
used. Several m ethods have been tested through the years for achieving low resistance
contacts, including m echanical pressing, spark welding, and ultrasonic soldering. The
most successful method though seems to be using silver epoxy. This technique was
perfected by the addition o f evaporated gold pads on the sample prior to attaching the
wires. A m ask with four slits is placed and fixed on the surface o f the sample.

The

thickness o f the slit is about 2,000 A. The ensemble is placed in the evaporation
chamber and gold is evaporated. After rem oving the mask and m easuring the resistance
of the gold contacts, high values are still obtained. Therefore, the sample is placed in a
box furnace and annealed at 420°C in flow ing oxygen for about six hours.

This

permits the gold particles to diffuse into the interior of the crystal, increasing the bond
between the gold pads and the crystal and reducing the contact resistance. Annealing at
higher tem peratures and for a longer duration could reduce the oxygen content o f the
sample and alter the superconducting properties.
A fter removing the crystal from the furnace and cooling, gold o r platinum w ires
with a diam eter o f about 25 pm are attached to the sample with silver epoxy.
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The

crystal is placed on die surface o f a heating plate at a temperature of about 150°C, for
about 3 to 5 minutes to cure the epoxy. The electrical resistance o f the contacts using
this method drops to about 2 Q.

However, the quality o f the contacts can be altered

because of the weak mechanical strength o f the silver paste, which due to temperature
cycling can lose its bonding to the gold pads.
We use electrical transport measurements to determine the ac-resistivity o f the
m aterial. In the following experiments, a frequency o f the input current o f 23 H z was
used and the current was varied in general between 0.1 mA and 10 mA. A transport
current larger than this value usually produces heating o f the sample through Joule
heating due to the resistance of the contacts. The current density is defined as J = I / S,
where I is the electrical current and the transverse cross-sectional area of the sam ple is
denoted by S. The current density is expressed in A/cm2. The current passes in series
through a 600 Q resistor to enable the lock-in amplifier to provide a nearly constant
current to die sample even when the sample undergoes the transition to the zero
resistance state. The current is also monitored separately on a 100 £1 resistor m ounted
in series with the sample. The voltage signal is measured by a commercial SR830-DSP
lock-in amplifier w ith an accuracy o f about 2xl0'8 V, and is recorded by a com puter
using a LabView program .

The data acquisition system consists of a com puter

connected with the instruments through a GPIB interface and is controlled by a
LabView program.
The sample temperature is monitored by a Cem ox calibrated resistance in
contact with the sam ple, though thermally isolated from the rest of the set up. This
ensures an accurate measurement o f the sample temperature.

The temperature is

controlled using a commercial Lake Shore DRC-91CA temperature controller using a
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second thermometer mounted close to the heater. The cooling rate o f the ensemble
needs to be sufficiently low such that the sample thermometer measures a near
equilibrium temperature.
Two cryogenic Hall probes measure the magnetic field. The magnetic probes
are mounted a t 90° to one another, parallel and perpendicular to the sample ab-plane of
the sample. The m ean sensitivity o f the probes is 0.933 mV/kGauss and the magnetic
sensitivity increases w ith reducing the temperature o f operation.
The cryostat used for characterizing the superconducting material at low
temperatures, is a commercial 7 T split-coil superconducting system equipped with a
persistent sw itch. Measuring temperatures o f 1.8 K to 300 K can be obtained. A
needle valve placed at the bottom o f the sample space permits the liquid helium to flow
from the helium bath into the sample chamber. The temperatures below 4.2 K can be
obtained by sim ply pumping on the sample space. The persistent sw itch permits a
more efficient use o f the 4He necessary to cool down the superconducting magnet by
reducing the Joule heating through the heavy m agnet leads. The persistent sw itch is a
short superconducting wire mounted between the ends of the m agnet and wrapped
around with a heater. The heater is used to change the state of the persistent switch
between the superconducting and the normal state. W hen charging o f the magnet is
necessary, the healer is turned ON (55 mA current is supplied to the heater) and the
persistent switch is heated above its Tc to the norm al state. This allows the current from
the power supply to charge the coil o f the m agnet. Turning OFF the heater m akes the
persistent sw itch cool down and go in

the superconducting state and the

superconducting current circulates only in the closed circuit formed by the m agnet coil.
The charging voltage o f the coil has to be kept below IV at all times.
The sample space is a steel chamber o f 1” diameter surrounded by a vacuum
jacket pumped by a diffusion pump to a pressure o f about 10-4 Torr.
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chamber is surrounded by the helium reservoir into which liquid helium is transferred.
A drop in tem perature in the sample cham ber is accomplished in two ways:
(1) By opening the needle valve, which permits the flow o f liquid helium from
the helium reservoir to the sample chamber.
(2) By therm al radiation between the sample chamber and the helium reservoir.
An increase o f the sample temperature is accomplished by a resistive heater controlled
by the temperature controller.

In order to reduce the exchange o f heat with the

surroundings, the whole ensemble is placed in another cham ber pumped to about 10‘5
Torr. Every vacuum jacket is protected against cold leaks w ith a pressure relief valve.
hi order to reduce the amount o f liquid helium needed to cool the system from
room temperature, liquid nitrogen is first transferred into the helium reservoir,
permitting die system to cool down from 300 K to 77 K .

After reaching this

temperature, the nitrogen is forced out by over-pressurizing w ith helium gas. One has
to make sure that all the nitrogen is taken out from the helium reservoir because the
density and specific heat of nitrogen are larger than those of liquid helium, and a lot o f
helium is going to be lost even to cool a sm all amount o f nitrogen.
The m agnet is a superconducting N b-Ti wire solenoid w ith a rated central field
of 7 T. The m agnet bore diameter is 3.25” and supplies a horizontal magnetic field.
The current necessary to achieve the maximum field in 4.2 K is about 79 A, and is
supplied by a constant current power supply. The homogeneity o f the field in a 1 cm
diameter sphere at the center of the bore o f the magnet is ± 0.1 %.
The sample holder consists of a G -10 insulating puck w ith a copper core. The
crystal is mounted a t the bottom of the resistivity probe, which is a non-magnetic steel
rod (Figure 23). E ight symmetric phosphor bronze pins are m ounted on the edge o f the
puck and these w ill constitute the electrical connections to the sample current and
voltage. The contacts from the pins to the sample are made using 25 pm gold o r
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platinum wire and are attached to die pins with indium solder. The sample is mounted
first on a thin plate of sapphire or glass, and die plate is mounted on the G-10 piece.
The copper core of the G-10 piece is in direct contact with die temperature sensor,
permitting an accurate measurement of the temperature o f the sample.
SAMPLE ROTATION
STAGE
SAMPLE

VOLTAGE
LEADS

CURRENT
LEADS

-10
SAMPLE
HOLDER

Figure 23.

Electrical Transport Measurements Experimental Set-Up.

Electrical connections from the sample and sensors of the resistivity probe to the
top o f the probe are accomplished by using 38 gauge copper wire in tw isted pairs. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

top electrical connector is sealed preventing leaks in die sample chamber. An O-ring
slip connection, which connects the cryostat body with the resistivity probe, enables the
sample to be rotated 360°.

The rotation o f die sample is controlled through the

computer and is accomplished by a step motor.
For the data shown in the next chapters the position of the sample on the holder
is such that the magnetic field H , and the electrical transport current J , arc at a 90°
orientation, yielding a maximum Lorentz force on the vortices (Figure 24).

Hmax = 7 T

Crystal

c-axis

Figure 24.

O rientation o f the Magnetic Field Relative to the Sam ple c-Axis.

Magnetization Measurements
Magnetization

measurements

were

performed

using

a

commercial

Superconducting Quantum Interference Device (SQUID) magnetometer with a 7 T
superconducting m agnet [14]. For all the measurements included in this study, the
applied magnetic field was parallel to die c-axis of the crystal. H ysterisis loops o f the
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applied m agnetic field was parallel to the c-axis o f the crystal. Hysterisis loops o f the
DC-magnetization were performed for magnetic field varying between -7 T to 7 T at
constant tem perature. Between each hysteresis loop measured the temperature was
increased above Tc (to 100°C) to eliminate trapped flux in the sample, and only then
was the sam ple cooled in zero field. A scan length o f 3 cm was used to m in im ize the
effects o f the inhomogeneities in the magnetic field, which are 5H < 0.05 % fo r this
scan length.
The SQUID magnetometer lets one measure the magnetization immediately or in
an automated sequence extending over a period of tim e, by sweeping through a series
of fields, o f inverse fields, or a series of temperatures.

Measurements can be

performed at tem peratures between 1.7 K and 400 K w ith an increment of 0.01 K .
Before measurements start, the sample needs to be centered with respect to the
center o f the pick-up coils coupled inductively w ith the SQUID coil.

The correct

position is confirm ed by analyzing the plot of the response voltages of the SQUID as
the sample is raised through one scan length. The voltage will have a maximum w hen
the sample is a t the double coil in the center o f the pick-up coil configuration. The peak
in the voltage response of the SQUID should occur at the center of the scan (Figure
25). To avoid m easuring the signal given by surrounding magnetic fields, the pick-up
coil consists o f loops running in opposite directions, w ith the center coil made o f a twoloop wire. The negative, and the double amplitude o f the signal picked up by the center
coils are due to this configuration. A magnetic field produced by an external source at a
large distance from the coils, will cause equal and opposite currents in the loops, and
no resulting signal will be transmitted to the SQUID coiL A close magnetic field source
will induce different currents in each o f the loops, thus generating a resulting signal in
the SQUID.
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DO

3 cm
Scan (cm)

Figure 25.

The SQUID R esponse (Voltage) V ersus the Scan D istance in the
Process o f Centering the Sample.

One of the practical advantages of using this method compared to electrical
transport measurements, is that no electrical contacts need to be attached to the sample
in order to measure the signal. The crystal is placed on a thin glass plate and glued with
GE-vamish to keep it immobile. The ensemble is placed at the center o f a clear plastic
straw and again fixed with the sam e vamish. The straw is mounted at the bottom o f the
rod with which the SQUID is equipped and the rod is inserted in the sample space of
the magnetometer.
Measuring the magnetization of Y B a^U jO ^ single crystals using the SQUID
magnetometer, proves to be a very useful technique o f analyzing the magnetic
properties at temperatures well below the superconducting transition where the electrical
resistance of the sample is zero.
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AC Specific Heat M easurements
Besides measuring the magnetization of a superconducting sample, another very
pow erful method of determining thermodynamic quantities is ac specific heat
measurements [15].

This technique also offers the advantage o f not needing any

electrical connections to the sample.
Through ac specific heat measurements, one can measure the response o f the
sample temperature when using an alternating pow er heating source o f the form
P = P0( l + cos cot), where co is the frequency o f the heating source. Due to this
alternating input, the temperature o f die sample will oscillate. The amplitude o f the
oscillations is related to the specific heat C of the sam ple. The experimental set-up for
this technique is presented in Figure 26.
The crystal is attached with epoxy on top of the cross that is formed by two
thermocouples. The thermocouples are glued with stycast epoxy onto a Kapton ring.
A voltage is applied on the thermocouples to allow the measurement of the sample
temperature. Then, in general one can write:
Tampie = T + T ^ 4-T^ cos(cot + q>)

(3.5)

where, T = P0 / K w ith K being the coefficient o f thermal conduction o f the
thermocouple, and:
Tac = P0 / [C co (1 + © V + 1 / ©2 T,2) 1*]

(3.6)

represents the temperature oscillation, and Tdc is the continuous part of the temperature.
In the above equation xx and Tj are the time constants o f the thermal coupling o f the set
up (Figure 27) with:
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tj = C / K

txis

(3.7)

the time constant between the sample and the thermocouple, w hile Xj is the time.

constant characterizing the sam ple and its thermal contact with the heating source and
the thermometer.
Therm ocuple
Kapton ring

Stycast

Sample

Figure 26.

The Specific H eat Measurements Experimental Set-Up.

If we assume in equation 3.6 that © » x2_1 then the external thermal excitation
is too fast to be transmitted to the sample. When the reverse is true, © «

x2_I, which

is the case in ac specific heat measurements, this term can be neglected and equation 3.6
in complex notation can be written as:
Tac = P0/ [ K + i2C © ]

Also in the case that © «

(3.8)

xx-1, the heat provided by the heating source is
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transmitted to the thermocouple very fast and equation 3.6 becomes:
Tac = T = P0 / K

(3.9)

In this case the amplitude o f the oscillations do not depend on the specific heat o f the
sample, C. So, the ideal conditions to work in are when (Figure 28):

V 1«

G) «

(3.10)

X2 1

In this range o f frequency o f the heater input, the temperature m easured by the
thermometer is inversely proportional to the quantity C 0).
Heating source
P = P q (I + coscot)

Sample

Figure 27.

C haracteristic Quantities for the Therm al Contact in the ac Specific
Heat M easurem ents.

In this range o f w orking frequencies, the heat transferred from the heating
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source is used only for changing the temperature o f die sample and the transformation
can be considered quasi-adiabatic.
This technique of measuring the specific heat o f the materials is also sensitive in
the case o f samples with very small m asses, as is the case o f Y B ajC i^O ^ single
crystals for which the mass ranges in the tens o f micrograms (jig).

T sample(K)
XI- 1 < (0 < T2- 1

Figure 28.

Frequency Dependence o f the Sample Temperature W ith Respect
to the Tim e Constants of the Ensemble.
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CHAPTER IV

PEAK EFFECT EVOLUTION AND INCREASE IN THE
CRITICAL CURRENT DENSITY IN PROTON
IRRADIATED YBa^Ci^O^
SINGLE CRYSTALS
Introduction
The critical current density is determined by the static and dynamic behavior o f
the quantized magnetic flux lines called vortices.

The vortices penetrate a type II

superconductor in die presence of a magnetic field larger than the lower critical field
Hcl. The presence o f defects in the samples can greatly affect the behavior o f the
vortices, and thereby the critical current density Jc.

In the case of type II

unconventional superconductors, o r high-Tc superconductors, the motion o f the
vortices is affected by the thermal fluctuations that are important at these high
temperatures. Finding ways to increase the critical current density o f high-temperature
superconductors is o f great importance for technological applications.
Theoretical expectations for the critical current density show that Jc should be a
decreasing function of magnetic field and temperature. In contrast, experimental data
give a m ore complex picture of the J c, H, and T dependence. Many superconductors
display a maximum in the magnetic field dependence JC(H), and temperature
dependence JC(T) o f the critical current density. However, the shape o f the curvature at
the peak is material dependent

For YBa2Cu30 7^ crystals, the peak is broad and

temperature-dependent, as I will show in the following sections o f this chapter. F o r the
more anisotropic Bi2Sr2CaCu2Og+5 m aterials, die peak is sharp and independent o f the
76
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temperature [1]. This maximum in Jc was labeled the “peak effect” or “fishtail effect”
[2] and its existence has been acknowledged about forty years ago, but the origin of
this phenomenon is not fully understood y et
In Reference 3, it was shown that the peak effect is affected by the
inhomogeneous oxygen distribution in the sample.

Therefore, we can tune the

magnetic field where die maximum in Jc occurs by controlling the defect density in the
crystal. Some experimental data rule out individual oxygen defects as the cause o f the
peak effect [4, 5, 6], while others show that clustering o f die oxygen deficient regions
can create effective pinning sites [4,5].
A t this time there is no clear theory to explain die peak effect There are a
number o f mechanisms taken into consideration and they include:
(a) Disorder due to impurities [7].
(b) Softening of the elastic m oduli [8].
(c) Effective pinning regions o f normal material due to oxygen deficiency, that
have a low er upper critical field and low er Tc, and become normal sooner than the rest
of the bulk m aterial [9].
(d) The matching effect between twin boundaries and the vortex lattice [10].
(e) Slower magnetic relaxation induced by a crossover from single to collective
flux creep [11, 12].
(g) A 3-dimensional vortex lattice melting [13, 14].
(f) A 3D-2D transition in the fluctuation dimensionality where the tilt m odulus
vanishes [13, 15].
In this chapter I will present our study that analyzes die effect of uncorrelated
defects on the critical current density, and on the peak effect The objective o f this
research is to follow the evolution o f critical current with increasing defect density, and
to gain insight into the mechanism responsible for the peak effect In order to be able to
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analyze the evolution of die induced critical current as the number of point-like defects
is increased by successive 9 M eV proton irradiations.
We start with a clean, detwinned YBa2Cu30 7_s single crystal as described in a
later section o f this chapter.

Experimental data was collected using both electrical

transport and magnetization measurements to obtain a comprehensive picture o f die
evolution o f die current density in an interval of temperatures ranging from 10 K to Te.

Experimental Details
The YBajCujO ^ single crystal used in these measurements was grown using a
self-flux method [16].

First the crystal was annealed in atmospheric pressure in

flowing oxygen for ten days at 420°C. After annealing, the sample was detwinned by
applying mechanical pressure along the ah-crystallographic plane, in flowing oxygen at
420° C [17, 18]. The superconducting transition temperature was T ^ = 92.87 K and
the width of the superconducting transition was AT^ (10-90%) < 400 mK.
The sample was cleaved into two pieces. Electrical transport properties were
measured on one piece with dimensions o f ~880(f )x440(w)x40(t) pm 3 using a fourwire ac technique, in magnetic fields up to 8 T at Argonne National Laboratory, and 7 T
in the Solid State Laboratory at W estern Michigan University. The input alternating
current had a frequency of 23 Hz. Current densities ranged from 0.02 to 3 A/cm2, with
die current density directed in the ab-crystallographic plane, and the applied magnetic
field perpendicular to J.

Voltage-current characteristics were measured using a dc

current source and a nano-voltmeter.
Magnetization measurements were performed on the second piece with
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dimensions o f ~620(f )x490(w)x40(t) pm3. The mass o f die crystal was ~79 pg based
on die theoretical value o f 6.8 g/icm3 as die density o f single crystals o f YBa2Cu30 7_5.
Magnetization measurements were taken using a commercial Superconducting
Interference Device (SQUID) at Notre Dame University, IN,
superconducting m agnet

Quantum

with a 7 T

The applied magnetic field was parallel to the c-axis.

Hysteresis loops of the DC-magnetization measurements were performed fo r -7 T < H
< 7 T at constant temperatures o f 10 K and 45 K, as well as from 65 K to 80 K in
steps o f 1 K. The arrows in Figure 29 show die way die variation in field was
accomplished.
DC-magnetization measurements were performed on the sample before and after
each

irradiation.

Four

successive

proton

irradiations

with

doses

of

0.5xl015 protons/cm 2 using 9 M eV proton beams were perform ed at W estern Michigan
University’s tandem accelerator.
The Monte-Carlo simulation program, TRIM [19], using die standard
displacement threshold energy o f 20 eV yielded a stopping range o f 280 pm for 9 MeV
protons, w hich is much larger than the thickness of our samples t~ 4 0 pm .
Transmission electron microscopy reveals that about 30 % o f the defects are
vacancy clusters with an approximate diameter of -3 0 A [20].
The defect densities due to irradiation were determined by taking into account
that ~ 30% o f the defects anneal out at room temperature [21, 22] (Table 3).
Both halves of the sample were irradiated with successive doses and the final
total dose used in this experiment was 2 x l0 15p/cm2. This dose creates one defect out
of 2,900 unit cells. The damage produced to die crystal structure induces no detectable
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change in the critical temperature 5Tc< 100 m K (Table 4), while normal state resistance
only increases about 6% [23].

90
T = 65 K

-90
-8
Figure 29.

H II c-axis
-4

0

4

8

M agnetic F ield Dependence o f the M agnetization fo r YBCO Single
Crystals at Constant Temperature o f T = 65 K, The Arrow s Show the
W ay the M agnetic Field was Varied.

TRIM calculations also show that the defects produced by irradiation are
constituted mainly by displacements o f O and Cu atoms, about 73 % .
barium atoms account for the other 27 % o f the

atomic

Yttrium

displacements.

and

TRIM

calculations and TEM studies, reveal that the proton irradiation induced defects are
random in the bulk and hence uncorrelated.
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Table 3
Characterization of the Proton Irradiation Induced Defects in
YBajCujO^g Single Crystals

No.

Dose

Defect Density

Distance Between

(101Sp/ cm2)

(fc m 3)

Defects
(A )

1

0.25

2 x l0 17

171

2

0.50

4 x l0 17

136

3

1.00

8 x l0 17

108

4

1.50

1 2 x l0 17

94

5

2.00

1 6 x l0 17

86

Table 4
Dependence of the Critical Temperature with Increasing
Density of Proton Irradiation Induced Defects in die
Y B ajC ttjO ^ Single Crystals

No.

Dose

Tc

(p/cm 2)

(K)

1

unirradiated

92.87

2

0 .2 5 x l0 15

92.91

3

0 .5 0 x l0 ls

92.82

4

l'OOxlO15

92.81

5

1 .5 0 xl0ls

92.83

6

2.00x10 15

92.90
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Clean Y B ^C i^Q ^ Single Crystal Characteristics
Through electrical transport m easurem ents, one can measure the voltage signal
from die sample V(V) while a given current 1(A) passes through the crystal.

The

electrical resistance o f die sample can then be easily calculated from R(Q) = V / I.
Given the distance between the voltage contacts (C), the width (w), and the thickness (t)
o f die sample, the resistivity can be determ ined by: p = R (w t) / C In order to compare
changes in the vortex dynamics before and after irradiation, the quantities are
normalized to their value in the normal state. The resistivity is normalized to the value
at T = 95 K, p (95 K), and die temperature is normalized with respect to the critical
temperature, as show n in Figure 30.
The superconducting transition fo r die crystal used in this study is shown in
Figure 30. The critical temperature extracted from Figure 30 is T ^ = 92.87 K in 0 T
magnetic field, w here T ^ is defined as the temperature at the peak in the temperature
derivative of the resistivity. The width o f the superconducting transition is taken as the
difference between die temperatures of die points where the resistivity is 90 % and
10 % o f die extrapolated normal resistivity value.

This quantity is smaller than

400 ffiK and is a first indication of the quality o f this crystal.
The transition to the superconducting state can also be seen in the temperature
dependence of the magnetization in a very low applied field H = 10 G auss (Figure 31).
Similar to the case o f p(T), the transition is sharp and die width in the magnetization,
AM(10% - 90%), is sm aller than 300 mK.
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Figure 30.

Superconducting Transition in H = 0 T Showing the Tem perature
Dependence o f die Resistivity, and the Temperature D erivative o f the
Resistivity, and the Critical Tem perature TcO •
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Figure 31.
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M agnetization D rop at the Superconducting Transition fo r A pplied
Field o f H = 10 Gauss, Parallel to the c-A xis o f the Sample.
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The value of die magnetization is negative since the m aterial is in the Meissner
state at this low field and die magnetic induction in the sample is zero.
The temperature dependence o f die normalized resistivity in applied fields from
0 to 8 T is shown in Figure 32 for the detwinned crystal before irradiation.

0.8
i4

ON
H ,

0T
—b—IT
-o -2 T

unirradiated
HII c-axis
0.4
T

cm m m

Figure 32.

Norm alized E lectrical R esistivity for the U nirradiated Crystal in
M agnetic Field Applied Perpendicular to the ab-Plane.

First we notice the fan shaped broadening o f die superconducting transition in
different applied magnetic fields. The data for 8 T extends to the low est temperatures,
with the transition width of about 10 K. This broadening is die effect o f the motion of
die vortex system due to die Lorentz force. The number of the vortices increases with
the applied magnetic field according to die relationship: N = H / (j>0. Hence, the energy
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dissipated by the m oving vortices increases too.
A second feature visible in die plot is die kink at low er temperatures which is
associated with a first-order vortex m elting transition from the vortex liquid to the
vortex solid. This kink is exemplified by die arrow atH = 8 T. This is only visible in
very clean crystals, and it is clearly present at all fields between 8 T and 1 T in die data
shown in Figure 32.
hi Figure 33 we plot die temperature dependence o f the resistivity fo r low
fields: between 0 T and 0.4 T.

0.8
lo
o \

J 0.4
P
cx

unirradiated
H II c-axis
0.05 T
Tm
0.10 T
0.20 T
0.30 T
0.40 T

0

■. « ♦

0.98
Figure 33.

4, / . V a V a ' a V a ' a V a w / / / / / / '

0.99
T/TcO

l

N orm alized Electrical R esistivity for the U nirradiated Crystal in L ow
M agnetic Fields Applied Perpendicular to the ab-Plane, and M elting
Tem perature T jxxat H = 0.2 T.

The kink in the resistivity is present down to H = 0.05 T, this value being low er
than previously reported ones [24, 25], A more evident way to observe the presence
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o f the sharp drop of die resistivity at the melting transition is by plotting the temperature
dependence o f die derivative o f the resistivity dp(T)/dT. A sharp peak in dp(T)/dT is
visible in the region where p(T ) decreases abruptly (Figure 34).

100

H II c-axis
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0.05 T
0.1T

0.3T
1
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Figure 34.

0.99
T/TcO

1

T em perature D eriv ativ e o f the E le ctrica l R e sistiv ity for the
Unirradiated C rystal in Low M agnetic Fields Applied Perpendicular to
the ab-Plane Show ing the Sharp P eak at the V ortex M elting
Transition.

We define the high temperature onset o f the peak in the derivative of the
resistivity as the melting tem perature, denoted as T m. This temperature is indicated in
Figure 33 by the vertical arrow fo r H = 0.2 T. The smallest field where the peak is
observed in dp/dT(T) is called the low er critical point H Icp. For fields low er than this
value, the first-order character o f the vortex system transition is lost and higher order
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transitions take place. The high field end point of the first-order melting transition line
from die liquid vortex to the vortex lattice is called die upper critical point (H ^ ). F or
this crystal die value of

is above 8 T. The very small width of the vortex melting

transition, and the low value o f the lower critical point are indications of a good quality
sample in which the density of defects is low.
Determining the angular dependence o f the resistivity, p (6 ), is one mote check
of the quality o f the sample (Figure 35).
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Figure 35.
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100

A ngular Dependence o f the R esistivity in H = 1 T at Constant
Temperatures T = 91.07 K, 91.70 K, and 92.10 K.

YBa^UjO-jg crystals present a planar structure due to the superconducting
C u02 planes which are stacked on top o f each other. The resistivity shows a maximum
when the field is directed parallel with the c-axis of the crystal (6 = 0°). If the magnetic
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field is tilted at 90° from the c-axis (H II ab), the motion o f die vortices is impeded due
to their motion betw een supeconducting layers, and the resistivity is at its m in im u m .
However, when tw in boundary planes are present in the crystal, the p(0) dependence
has a m inim um a t 0° (Figure 36).

0.35 twinned

H = 6.5 T
81.4 K

Q

82.2 K

V i

83.0 K

OS

83.8 K
84.6 K

Figure 36.

A ngular Dependence o f the R esistivity in H = 6.5 T, at V arious
Constant Temperatures for a Twinned Crystal.

In this configuration the vortices are aligned with the twin boundary planes and
the defect-vortex interaction is maximum. This is shown in Figure 36, where p (0 ) is
plotted for a crystal with a dilute number o f vortices. The sharp drop of the resistivity
around 0° is very evident in the temperature range w here twin boundary pinning
strength is sufficiently large.
For the crystal used in this study, an image taken with a polarized light
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microscope show ed that the twin boundary planes w o e completely removed, sim ilar to
the image show n in Figure 18, right panel, in Chapter III-

Evolution o f the Magnetic Hysteresis with
Increasing D ensity o f Induced Defects
When using the Bean critical state model [26] to determine the critical current
density, Jc, from magnetic hysteresis measurements, one m ust measure the
magnetization o f die sample when sweeping the applied m agnetic field H.
Due to magnetic flux pinning by defects in the crystal structure, the
magnetization is hysteretic when the m agnetic field is increased first and then decreased
as shown in Figure 29. From the field dependence o f the magnetization, M (H ), the
critical current density can be determined from the expression [27]:
Jc = 20 AM / [w (1-w / 3[)]

(4.1)

The above equation is valid for a rectangular shaped sample w ith w < C, where w is the
width and fis the length. The dimensions o f the rectangle are measured in cm, and AM
is die difference in magnetization between the upper (M+) and lower (M ) branches o f
the hysteresis loops:
AM = M+ - M '

(4.2)

and is measured in emu/cm3.
Magnetic hysteresis loops are known to have different forms depending o n the
quality o f die sam ple and the temperature at which measurements are taken.

In

Figure 37, the magnetization M(emu/cm3) is plotted versus the applied magnetic field
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H(T) for the unirradiated sample at tem peratures o f T = 10,45, 65 and 80 K.

H II c-axis
unirradiated
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Figure 37.

-4

0
H (T)

4

8

H ysteresis Loops o f the M agnetization Versus M agnetic Field fo r the
U nirradiated Crystal at Tem peratures of T = 10,45, 65, and 80 K.

At values o f die field smaller than the lower critical field H cl, the sample is in
die Meissner state. In this state the m agnetic induction in the sample is zero (B = 0 T ),
thus the relationship B = fi0(H + M) gives H = -M which means that the magnetization
is proportional to the field. This initial linear dependence is present in all the curves
taken at different temperatures. Due to the polynomial dependence o f the lower critical
field on temperature sim ilar to the critical field Hc, the value o f Hcl is larger for sm aller
temperatures and hence the initial magnetization signal is more evident in the T = 10 K
data than in the follow ing curves for higher temperatures.
W hen the applied field reaches Hcl die vortices start penetrating the sample from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

die sides first. The magnetization starts decreasing and naively one expects it will
continuously decrease to zero a t the upper critical field Hc2. Experimentally though we
see in Figure 37 that die field dependence o f the magnetization initially decreases
monotonically, but at about ~2 T starts increasing and achieves a m axim um at higher
fields (known as the peak effect), after which it drops again. This behavior is evident
in the M (H) dependence at T = 45 K, and 65 K. For T = 10 K, the value of

is

larger than the field accessible in our experim ent While the increasing signal is easily
detected, the value o f the field where a maximum will be achieved can not be directly
measured. One assertion that we can m ake though is that die peak in the magnetization
at T = 10 K is very broad.
Another feature is die non-zero value of the magnetization at H = 0 T for both
die case when the field is decreased from 7 T to 0 T, and from -7 T to 0 T.

This

residual magnetization signal is due to the magnetic flux pinned inside the sample.
When the field is decreased, some o f the vortices are pinned by the defects in the
material and the magnetic induction inside die crystal is different than zero although the
outside field is H = 0 T.

In this case, with H = 0 T and B ^ 0 the relation

B = fi0 (H + M) results in M

0. Again this signal is larger for the case o f smaller

temperatures. Although the number o f defects is the same, at higher temperatures the
thermal fluctuations are larger, and can no longer be neglected compared to defect
pinning.
In Figure 38 we show the M(H) curves for three higher temperatures:
T = 65, 70, and 80 K.
There are two other features in this plot that need to be pointed out*
(1)

A t large values of the temperature the magnetic hysteresis is absent W e see

for the T = 80 K curve that the magnetization is zero. Here the thermal energy is
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sufficiently large to overpower pinning.
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Figure 38.

(2)

H igh Temperature H ysteresis Loops fo r the Unirradiated Crystal (T =
65, 70, and 80 K).
The second feature is related to the peak effect, and one can see clearly the

m aximum of the magnetization in the T = 65 K, and T = 70 K curves. A more detailed
analysis o f the peak effect with respect to its shape and temperature dependence can be
done after the critical current density is calculated and die experimental data is freed of
noise.

B ut before that let us follow JC(H) and look at the effects of the proton

irradiation on the magnetization.
In Figure 39 we plot M(H), before and after each successive irradiation.
The plot is shown for T = 10 K. As one can easily see, the magnetization signal
increases after each dose of irradiation, especially in the low field region.
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H ysteresis Loops at a Tem perature o f T = 10 K Before and A fter
9 M eV Proton Irradiation.

This increase is due to a larger num ber of p in n in g sites in the m aterial a n d an
enhancement o f the pinning strength.

At this temperature the reversible state

characterized by the absence of the magnetic hysteresis remains at fields above the
maximum experimental field available especially after defects are induced through
irradiation.
In Figure 40 the magnetization as a function o f field is shown at higher
temperature, T = 65 K, and we notice a different shape o f the M(H) curve.
The behavior of the dose dependence of the magnetization is characterized by a
number of features:
(1)

An initial observation is the absence of the peak effect in the curves taken

after higher doses o f irradiation (above 1 .5 x l0 15p/cm2).
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8

Hysteresis Loops B efore and After Irradiation at a Tem perature of
T = 65 K.

(2) After each dose o f irradiation the signal increases. In Figure 41 we notice
that in the unirradiated state for 72 K the magnetic hysteresis was absent, while after
even the first dose of 0.5xl015p/cm2 a definitive increase in M (H) takes place.
(3)

For die temperatures in Figures 40, and 41, at sufficiendy high fields the

reversibility is achieved.
At the reversibility field, thermal excitation overpowers the pinning strength.
The vortex system moves freely and due to AM = 0 the critical current according to
equation 4.1 is zero too.

Reversibility is achieved at higher fields for the low er

temperatures, as it was expected [28].

The irreversibility line in the phase diagram

H(T) was described by Muller et al. [28] by the following relationship:
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H ysteresis Loops B efore and A fter Irradiation a t a Tem perature of
T = 72 K.

Tc0- T ta( H ) a H 2/3

(4.3)

where ^ ( H ) is the field dependence o f the irreversibility temperature.
(4)

Lastly, after irradiation the ratio o f the zero field peak compared to the peak

effect is different. While before irradiation at the temperature of T = 45 K and larger,
die peak effect is a stronger feature than the central peak in M(H) data, after irradiation
the ratio changes favoring the central peak. This emphasized central peak is suggesting
that the defects induced by protons act strongly on the pinning properties at low fields.

Enhancement of die Critical Current Density
We use equation 4.1 to determine the magnetic field dependence o f the critical
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current density, JC(H), from the m agnetization loops M(H).
According to M. Daeumling and D. C. Labalastier [9], in thin single crystals
like our sample, which are aligned w ith die c-axis parallel to die direction o f the field,
the shielding currents create radial fields which are of the order of:
= Jc ^ ^

(4.4)

where t stands fo r the thickness of the crystal measured in cm , and Jc is measured in
A/cm2, and die magnetic field in Tesla. W hen the applied field H is smaller than this
value, the self-field dominates and the resultant local magnetic field inside the sam ple
deviates from the direction of the external magnetic field, hence die vortices become
tilted from the c-axis direction and they can even be perpendicular to i t

In this case

Bean critical state model can no longer be used to calculate the critical current density,
due to the fact that the critical current has in this case also a radial component created by
die vortices perpendicular on the c-axis. Taking into account die calculated values o f
Hidf-fieid tirc maximum value obtained is less than O.S T for the low est temperature and
highest dose o f irradiation. The maximum critical current

d e n s ity

obtained from our

data is 2 .3 x l0 6 A /cm 2, calculated at H = 0.5 T and T = 10 K and comparable with
previously reported data [27].
Figure 42 shows the magnetic dependence o f Jc for three temperatures T = 10,
65, 72 K and after each irradiation perform ed.

The critical current density was

increased by the irradiation in all fields and temperatures up to the final do se o f
2 .0 x l0 15p/cm2. A t a constant temperature the peak effect is seen first to broaden after
each dose of irradiation.
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Field Dependence o f the C ritical C urrent Density, Jc , Before and
A fter Irradiation for a T em perature o f T = 10 K (Top P anel),
T = 65 K (Middle Panel), and T = 72 K (Bottom Panel).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98
The value o f the field where the maximum in JC(H) is achieved at the peak
effect, Hpg, shifts down as indicated by the arrows in the T = 65 K data. The peak
effect is totally suppressed in the higher range of temperatures after a dose o f
1 .5 x l0 15 p/cm 2.
From die calculated percentage difference in the critical current density between
each irradiation (Figure 43), we notice that the largest increase in JC(H) was obtained
after the first dose o f irradiation.

Dose (xlO " p /cm ;
9 MeV protons
0.5
1.0
1.5
2.0

0
H(T)
Figure 43.

Percentage Difference o f the C ritical Current D ensity Before and
A fter Irradiation at T = 10 K , W here Data at Fields Sm aller Than the
Self Field (at the Left o f the D ashed Line) is D isregarded From th e
Analysis.

Furthermore, the percentage difference shows a peak in the low-magnetic field
region, after each o f the irradiation perform ed, suggesting that the proton irradiation
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induced defects m ost effectively enhance the strength o f the pinning centers for a lowdensity vortex system .

The values o f the current densities fo r H < HttMtld are

disregarded from the analysis although they appear in die figure, since the Bean model
is not valid in that region.
The percentage difference for the higher temperatures is show n in Figure 44 .
The influence o f irradiation on Jc at different temperatures suggests that the pinning
energy of the proton irradiation induced defects has a temperature distribution, also
considered in a recent article regarding the peak effect [29]. If w e plot the critical
current density from

both types o f measurements (electrical transport and

magnetization) before and after irradiation, the increase in Jc is obvious for the small
and intermediate temperatures.
Close to the superconducting transition where the thermal fluctuations and the
coherence length are large, the change is minimal (Figure 45).
The critical current density close to Tc w as determined from electrical transport
measurements. Curves o f E(V/cm)-J(A/cm2) wore obtained before and after irradiation
using dc measurements and considering a E = 1 fiV/cm criterion to determine the value
o f the critical current density.
The increase in the critical current density takes place in all fields covered by our
measurements and a comprehensive picture o f JC(T) is shown in Figure 46 in the range
o f temperatures from T = 65 K to 93 K.

Scaling of the Pinning Force
In a paper by W . A. Feitz and W. W. W ebb [30] it was shown that a scaling
technique can be applied to the field dependence of the pinning force density,
Fp(H , T ) = Jcx H .
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Percentage Difference o f the Critical Current Density, Jc, After Each
Irradiation Relative to the Value for the U nirradiated Crystal (T = 65,
72 K ).

The value o f the pinning force, Fp, is proportional to the pinning energy and the
dimension of the potential barrier, which in turn are related to the internal magnetic field
and the temperature-dependent upper critical field of the superconducting sample.
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C ritical Current D ensity Before and After Irradiation With a D ose of
2x10^5 p/cm^ in H = 1 T, Calculated From Both Electrical Transport,
and Magnetic M easurements.

Li their paper the authors describe the pinning force through the expression:
F p = [HcaCD

f(b )]

(4.5)

where f(b) is a function of the reduced field b = HZH^. This quantity is zero at H = 0 T
and at H^fT). Thus die pinning force w ill reach a maximum at some interm ediate field
that we will call H ^„. The value of the pinning force at this field will be denoted by
Fp(Hmax).

Normalizing the pinning force to this value we obtain the follow ing

proportionality:
F p(H ) / Fp(H m„ ) - f(b)
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C ritical C urrent D ensity A fter a 2 x 1 0 ^ p/cm ^ Dose in M agnetic
Fields H = 0 .5 ,1 ,2 ,4 T .

Hence, plotting F p(H ) / Fp(Hmax) as a function of b can cause the curves to collapse
over a range o f temperatures. The existence of a universal Fp(H ) / Fp(H max) curve
suggests that die critical current is determined by a single type o f pinning m ech an ism
over the scaling regim e [30],
Due to the large values o f

in high-Tc materials [31], the scaling needs to be

performed with respect to another field that is experimentally achievable.

Typically

this

is chosen to be H ,^ [32, 33].
Figure 47 show s the scaling before irradiation (top panel), and after doses of
0 .5 x l0 15p/cm 2 (m iddle panel), and 2 .0 x l0 15 p/cm 2 (bottom panel). Before irradiation
the scaling is limited to 65 K < T < 68 K, while after irradiation the range o f scaling
extends up to T = 74 K. This result suggests that proton irradiation extends the range
over which the sam e pinning mechanism dominates the current density [34], and also
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that the sam e pinning mechanism controls the high temperature region.

Comprehensive Phase Diagram
H ie peak effect line determined from p(T) can be resolved only at temperatures
close to the critical temperature, where the resistivity signal is non-zero (Figure 48).
Before and after each irradiation, we find the temperature where the resistivity achieves
a minimum (corresponding to a maximum in Jc)» Tre’ 25 exemplified in Figure 48 for
H = 3 T.
W e can also extract the peak effect line from M(H) by plotting die field where
the critical current density is maximum for each specific temperature, Hre(T). Figure
42 (middle panel) shows an example of resolving H PE(T). Figure 49 represents the
phase diagram for the crystal, H(T), and it includes the peak effect line, HpgCT),
extracted from both the electrical transport data, p(T ), and from magnetization data,
M(H). F or the unirradiated crystal HPE decreases with increasing temperature, reaches
a minimum at T / T c - 0.73, and then increases w ith further increase in the
temperature. This dependence is only seen in very clean samples [29]. The line f o r the
unirradiated crystal lies just below the first-order vortex melting transition line, when
the vortex system undergoes a transition from a liquid state to a vortex lattice.
It has been proposed that the peak effect phenomenon is a precursor of the vortex
melting and occurs due to a softening o f the elastic moduli o f the vortex lattice, w hich
maximizes the pinning force by permitting the vortices to position themselves o n the
defects [35].
The behavior of the peak effect line changes dramatically with irradiation. The
peak effect line shifts down in field and decreases monotonically with temperature.
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T em perature Dependence o f th e N orm alized R esistivity fo r the
U nirradiated Crystal, W ith the A rrow Showing the Position o f the
Peak Effect.

The peak effect is completely suppressed in p(T) and M(H) data by doses o f
0 .2 5 xl0 15 p/cm 2 (Figure 50), and 1.5xl0 15p/cm 2 respectively (Figure 42) [36].
Annealing Treatments
The behavior o f the critical current density is consistent with the explanation that
the peak effect line corresponds to a crossover from an elastic regime o f the vortex
system characterized by low disorder at low fields, to a plastic regime with large
deformations at high fields. For low fields the correlation volume, Vc o f the vortices is
large, resulting in a low critical current due to the relation between the two o f the form:
Jc - Vc-1/2. As the field increases, the shear m odulus C 66, and the correlation volume
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decrease, while the critical current increases.
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Phase D iagram Showing Results From Both E lectrical Transport, and
M agnetization Data.

The maximum in the critical current occurs at the field where the correlation volume is
minimum, which allows the vortices to more easily adapt to the defects [ 8, 36].

For

fields higher than Hre, the shear modulus C66 vanishes, resulting in a disordered vortex
system. Kiipfer et al. found that the peak effect is strongly affected by the formation o f
oxygen clusters in the sam ple [29]. In their paper Kiipfer et al. started with a sample
with oxygen deficiency o f 5 = 0.03 quenched from high temperatures, creating
individual oxygen vacancy defects. Immediately after quenching, the peak effect in the
magnetization data was absent. Following a 5-day room temperature anneal, w hich
allowed the vacancies to cluster, the critical current density displayed a strong peak
effect over a wide range o f temperatures.
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Suppression of the Peak Effect by a Dose o f 0.25x10 15 p /c m ^ in the
R esistivity Data, W here the Arrows Shows th e Peak Effect in the
H = 3 T Data.

This indicates that clusters o f oxygen vacancies can cause the formation o f the
peak effect It is unlikely that the suppression o f the peak effect in our sample was due
to a disruption o f the oxygen vacancy clusters by the proton irradiation.
We re-measured our sample after an 8-month room-temperature annealing.
While the critical current density decreased b y -1 0 %, the peak effect did not reappear.
Previous annealing studies on proton irradiated samples have show n that point defects
anneal out more easily than the defect clusters [37]. Thus we performed a 50 hr anneal
in flowing Oz at 420°C to reduce the num ber of point defects. Figure 51 show s the
field dependence for the high range o f temperatures after 420°C anneal. We see the
peak in JC(H) clearly fo r the 65 K to 67 K temperatures. A lso, the open circles in
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Figure 52 indicate JC(H) for the 420°C annealed sample compared to the values before
annealing.

50 h / 420°C annealing treatment
68 K

<3
75 K

Figure 51.

C ritical Current Density A fter 50 Hours o f High Temperature A nneal
at 420°C .

Consistent w ith the decrease in the number o f point defects, the critical current
decreased about -7 0 % at 0.5 T. Remarkably the peak effect reappeared, indicating that
the point defects interfere with the occurrence of the phenomenon of the peak effect.

Conclusions
Li conclusion, we have shown that the point and cluster defects induced by
proton irradiation enhance the magnetization signal and the critical current density in
untwinned Y B a jC ^ O ^ single crystals over the entire range o f temperatures and fields
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that our study covered (10 K <T < 80 K , 0 T< H< 7 T ).

The maximum critical

current density calculated is 2.3x10s A/cm 2 a t H = 0.5 T and T = 10 K after a dose o f

2x l 015p/cm2.
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Figure 52.

R ecovery o f the Peak E ffect Through 50 H ours High Tem perature
A nneal at 420°C in Flow ing Oxygen Gas, W ith the Arrow Show ing
the Position o f the Peak E ffect A fter Anneal.

We have also shown that the peak effect in untwinned Y B ajQ ^O ^ single
crystals is found in both the magnetization M(H) and electrical resistivity p(T) data.
Ib is feature can be suppressed by a sufficiently high dose of defects induced by proton
irradiation. The peak effect is completely suppressed after doses o f 1 .5 x l0 15 p/cm 2 in
magnetization data, and lxlO 15p/cm 2 in electrical transport data.
The peak effect is dependent on the temperature and also on the material. A fter
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inducing defects in the crystal structure, the peak becomes broader and the value o f the
field where the maximum is achieved is shifted down. In addition, the scaling behavior
o f the pinning force density indicates that proton irradiation extends the temperature
range over w hich the same pinning mechanism dominates the behavior o f the critical
current density.
Annealing studies perform ed at room temperature and at 420 °C indicate that it is
the point defects, rather than the oxygen defect clusters, that are primarily responsible
for the suppression o f the peak effect

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I ll

1

T. Tamegai, Y. Iye, L Oguro and K. Kishio, Physica C 213, 33-42 (1993).

2

A. M. Campbell and J. E. Evetts, Critical C urrent in Superconductors, (Taylor
& Francis, London, 1972).

3

A. A . Zhukov, H. Kupfer, G. Perkins, L. F. Cohen, A. D. Caplin, S. A.
Klestov, a Claus, V. L Voronkova, T. W olf and H. W uhl, Phys. Rev. B 51 ,
12704 (1995).

4

M. Daeumling, A. Erb, E. Walker, J.-Y . Genoud, R. Flukiger, Physica C
257, 371-374 (1996).

5

H. Kupfer, Th. W olf, C. Lessing, A. A. Zhukov, X. Lancon, R. MeierHirm er, W. Schuaer, and H. Wuhl, Phys. Rev. B 58, 2886 (1998).

6

Erb, J.-Y. Genoud, F. Marti, M. Daumling, E. W alker, R. Flukiger, J. of
Low-Temp. Physics 105, 1023 (1996).

7

J. D. Livingstone, Appl. Phys. Lett. 8, 319 (1966).

8

A. B. Pippard, Philos. M ag. 19 (1969).

9

M. Daeumling and D. C. Larbalestier, Phys. Rev. B 40, 9350 (1989).

10

G. Yang, P. Shang, S. D. Sutton, L P. Jones, J. S. Abell, C. E .
Phys. Rev. B 48, 4054 (1993).

11

L. Krusin-Elbaum, L. Civale, V. M. Vinokur, and F. Holtzberg, Phys. Rev.
Lett. 69, 2280 (1992).

12

Y. Yeshurun, N. Bontem ps, L. Burlachkov, and A. Kapitulnik, Phys. R ev. B
49, 1548 (1994).

13

W. Hardy, Physica C 232 (1994).

14

V. M Vinokur, P. a Kes and A E. Koshelev, Physics C 168, 29, (1990).

15

L. L Glazman and A. E. Koshelev, Phys. Rev. B 43, 2835, (1991).

16

D.L. Kaiser, F. Holtzberg, M.F. Chisholm, and T.K. W orthington, J. C ryst.
Growth 85, 593 (1987).

17

U. W elp, M. Grim sditch, H. You, W. -K. Kwok, M. M. Fang, G . W.
Crabtree, and J. Z. Liu, Physica C 161, 1 (1989).

18

H. Schmid, E. Burkhardt, B. N. Sun, and J. P. R ivera 157, 555 (1989).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Gough,

112
19

J. F. Zeigler, J. P. B iers ack, U. Littmaik, The Stopping and Range o f Ions in
Solids, voLl, (Pergam on Press, 1986).

20

L. Civale, A. D. M arwick, M. W. E lfresh, T. K. W orthington, A . P .
Malozemoff, and F. H. Holtzberg, Phys. R ev. L ett. 65, 1164 (1990).

21

M. Konczykowski, Physics A 168, 291-297 (1990).

22

G. C. Xiong, H. C. L i, G. Linker, O. M eyer, Phys. Rev. B 38, 240 (1988).

23

L. M. Paulius, W . -K . Kwok, R. J. Olson, A . M. Petrean, V. Tobos, J. A.
Fendrich, G. W. C rabtree, C . A. Bum s, S. Ferguson, Phys. Rev. B 6 1 , 18

(2000).
24

A. Schilling, R. A. Fisher, N. E. Phillips, U . W elp, W. K. Kw ok, G . W.
Crabtree, Phys. Rev. L ett. 78, 25,4833 (1997).

25

M . Willemin, A. Schilling, H. Keller, C. R ossel, J. Hofer, U. W elp, W . K .
Kwok, R. J. O lsson, G . W . Crabtree, Phys. R ev. Lett. 81, 19, 4236, (1998).

26

C . P. Bean, Phys. Rev. Lett. 8 , 250 (1962).

27

L. Civale, M. W . M cElfresh, A. D. M arwick, T. A. W orthington, A . P.
M alozemoff, F. H oltzeberg and C. Feild, J. R. Thom pson and D. K . Christen,
and M. A Kirk, Proceeding o f die X II W inter M eeting on Low Temperature
P hysics. Superconducting Ceramics, x+185, 25-43 (1991).

28

K. A. Muller, M . Takashige, J. G. Bednorz, Phys. Rev. Lett. 5 8 , 1143,
(1987).

29

H. Kupfer, Th. W olf, C . Lessing, A. A. Zhukov, X. Lancon, R. MeierH irm er, W. Schuaer, and H. W uhl, Phys. Rev. B 58, 2886 (1998).

30

W . A. Feitz and W . W . W ebb, Phys. Rev. 178, 657 (1969).

31

U. W elp, W. -K. Kw ok, G. W. Crabtree, K. G . Vandervoort, and J. Z. Liu,
Physica Rev. L ett 62, 1908 (1989).

32

L. Civale, M. W. E lfresh, A . D. Marwick, F. H. Holtzberg, and C Field, J . R.
Thomson and D. H. C hristen, Phys. Rev. B 43, 13732 (1991).

33

L. K lein, E. R. Yacoby, and Y. Yeshurun, A. Erb, and G. M uller-Vogt, V.
B rett, and H. W uhl, Phys.R ev. B 49,4403 (1994).

34

H. Ullmaier, Irreversible Properties o f Type I I Superconductors, C hap. 3,
(Spring-Verlag, Berlin, 1975).

35

W. K. Kwok, J. A. Fendrich, C. J. van der Beek, G . W. Crabtree, P hys.R ev.
L e tt 73, 2614 (1994).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

113
36

37
38

V. Tobos, L. M. Paulius, A. M. Petrean, and S. Ferguson, J. W. Snyder, R.
J. Olsson, W.-K. Kwok, and G. W. Crabtree, A pplied Phys. Lett 78, 3097
(2001 ).
. A . L Larkin and Y. N. Ovchinikov, J. Low Tem p. Phys. 34, 409 (1979).
B. M. Vleek and H. K. Viswanathan, M . C. Frischherz, S. Fleshier, K .
V andervoort, J. R. Downey, U. W elp, M. A. K irk, and G. W. Crabtree, Phys.
Rev. B 48, 4067 (1993).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER V

TWIN BOUNDARY PINNING AND FIRST-ORDER VORTEX LATTICE
MELTING TRANSITION IN A YBa2Cu30 7^5SINGLE
CRYSTAL W ITH UNI-DIRECTIONAL
TWIN BOUNDARY PLANES
In this chapter we study die effect o f uni-directional tw in boundaries in
Y B a^U jQ ^ single crystals on the vortex dynam ics. The vortex dynamics in a single
crystal that contains uni-directional twin boundary planes is investigated using acelectrical transport measurements up to a field o f 6.5 T. Remarkably, it is found that
both twin boundary pinning and first-order vortex lattice melting transition are present
simultaneously in this sample.
Angular scanning o f the resistivity is performed.

The depinning angle is

extracted from die angular dependence and analyzed as a function o f temperature and
applied magnetic field. We compare the behavior of the depinning angle with that
observed for another type of correlated defect, heavy-ion irradiation induced columnar
tracks.
Furthermore, we investigate the behavior of die first-order vortex lattice melting
transition of the vortex system as the field is tilted with respect to die c-axis o f the
crystal. The angular dependence o f the low er critical point of the first-order melting
transition is analyzed and we compare its behavior to the case o f other samples
presenting correlated and uncorrelated defects.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

115

Introduction
It is well established that in YBa^CujO^ single crystals three main types o f
quenched disorder can exist:

(1) Point-like, uncorrelated disorder in the form o f

oxygen vacancies, or other types o f vacancies in the crystallographic structure. These
defects can also be induced w ith light particle irradiation, such as electrons or protons.
(2) Colum nar tracks produced by heavy-ion irradiation. (3) Planar defects caused by
twin boundary planes, and by the planar structure o f the samples.
In as-grown Y B ajC ujQ ^ single crystals, die density and the num ber o f
domains o f twin boundary planes is variable.

During the growth process, twin

boundary planes are formed to accommodate the change in shape at the transform ation
of the crystal structure from die tetragonal to orthorhombic [ 1] at a temperature of
-700° C. The tw in boundaries can be found in two directions in a single orthorhombic
grain: (110), and respectively (-110).

The strain field associated with the twin

boundaries extends over a w idth o f ~30 A. The spatial dimension of these intrinsic
defects can be increased by the accumulation o f other impurities along the twin planes
in the grow ing process.
The correlated disorder in the form of twin boundary planes is a topic of great
interest [2, 3, 4, 5, 6, 7] for a num ber of reasons:
(1) First, twin boundaries are naturally formed defects in Y B a ^ i^ O ^ single
crystalline samples.
(2) A second reason is that the depinning temperatures for the twin boundaries
are usually higher than for point defects [5], hence pinning due to twin boundaries can
dominate and improve die pinning properties of the material over certain tem perature
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and field ranges.
(3) Another aspect is that die longitudinal magneto-resistance, p ab, in single
crystals with uni-directional twins is highly anisotropic and depends on the orientation
o f the current density and o f the vortex system with respect to the tw in boundary
planes. One effect o f this anisotropy is the guided m otion, when the vortices prefer to
move m ore easily along twin planes than to slip across them [6].
Considering all o f the above characteristics o f a sample presenting twin
boundary planes, the m otivation for the study o f the effect o f twin boundary planes on
the dynamics of the vortices in Y B ^C ^O ^g through electrical transport measurements
is two-folded:
(1) First, the motion of the vortices in the vortex liquid phase o f hightemperature superconductors leads to loss o f energy, therefore the influence o f twin
boundary planes on the flux motion is of great technological importance.
(2) Secondly, in die mixed state o f type II unconventional superconductors a
large number of phase transformations of the vortex system have been reported. They
are believed to be associated with phase transitions from the vortex liquid to different
disordered vortex solids, or to a vortex lattice depending on the type of defects present
in the crystallographic structure. The orientation and density o f the twin boundary
planes influence the result o f the simultaneous action of die twin boundary pinning, the
Lorentz force, and the thermal fluctuations on the state of the vortex system .
Therefore, the effect o f the interaction between vortices and twin boundaries o n the
phase transitions of the vortex system can give insight into the subject o f phase
transitions in general.
hi high-temperature superconductors, the vortex lattice melts into a liquid state
that occupies much of the magnetic phase diagram. The melting transition is affected
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by the quality of the sample. In clean samples, die vortex melting transition was shown
to be a first-order transition [8, 9, 10, 11]. A high density o f defects in the sample,
either intrinsic or induced, was shown to suppress the first-order character o f the
transition [12]. In samples with uncorrelated defects, a vortex glass was predicted
[13].

In materials in which correlated defects exist, other disordered glassy vortex

states have been suggested: Bose glass [14, 15], splayed glass [16], and polymer glass
[17].
In this study we investigate the effect of uni-direcdonal tw in boundary planes
on the dynamics o f the vortices in a Y B a ^ i^ Q ^ single crystals. In twinned samples,
it is unusual to have both twin-boundary pinning and melting transition because a high
density o f twin boundaries, which are planar, correlated defects, can distort die vortex
lattice. In this crystal though, both features are visible. Previous studies on twinned
single crystals reported evidence of a second-order Bose glass phase transition [18,
19]. By rotating die sample around the magnetic field we can follow the suppression
of the twin boundary pinning, and resolve the angular dependence o f the low field end
point of the first-order melting transition, H Jcp, known as the lower critical point. We
compare the angular dependence of Hlcp with the case of proton irradiated untwinned
single crystals in which the pinning mech an ism is due to point-like defects induced by
irradiation, and with columnar defects induced by heavy-ion irradiation.

We also

compare the depinning angle in this crystal with a sample containing columnar defects
induced by heavy-ion irradiation.

Experimental Set-Up
The sample used in our study is a YBa2Cu30 7_5 single crystal grown in a gold
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crucible using a self-flux method described in Reference 20. The crystal was annealed
in flow ing oxygen at atm ospheric pressure fo r ten days at a tem perature o f 420° C. The
superconducting transition temperature in zero field, taken as the
temperature derivative o f the resistivity, dp/dT, is

= 93.55 K

width o f the transition is ATcO(10% - 90% ) < 300mK.

in the

maximum

(Figure 53).

The

The sharpness o f the

superconducting transition is a first indication o f a high quality crystal.

1.2

H=0T
twinned

cO
dp/dT
p/p

(95 K)

CL
*

CL

H
CL

0.99
Figure 53.

1
T /T c0

1.01

Superconducting Transition in Tw inned YBa2Cu 3C>7-5 Crystal.

The dimensions o f the crystal are 934(6 x 638(w) pm 2 in the ab-plane, and a
thickness of t =45 pm. The sample was cleaved and polished and only one domain of
parallel twins remained, as established using a polarized light microscope (Figure 54).
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Figure 54.

Tw in Boundary Planes in the YBa2Cu 307_§ Single Crystal.

hi this sample the average twin boundary spacing is about 1.2 pm giving a
density of twin boundary planes o f about 800 per mm. In the case o f columnar defects
induced by heavy-ion irradiation the num ber o f columnar defects are given in terms o f
die matching field B^. A t this dose o f irradiation, the number o f defects produced is
equal to the num ber o f vortices that would form in the sample if the applied field would
be of the same value as the matching field, H = B?.
When the Lorentz force is along the twin boundaries, the matching field
associated with the density of twins is B # = °o (Figure 55).

W ith the Lorentz force

directed perpendicular to the twin planes, the distance between the planes yields a
matching dose o f B^ = 15 Gauss, according to the relation: a,, = (<j>0/ H )l/2, in which a,,
is the average distance between the twin boundary planes.
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B(J) = oo

twin
= 15 Gauss
Figure 55.

Twin Boundary Planes and V ortices in a Uni-Directional Tw inned
Single C rystal, the Effective M atching Field is Different D epending
on the Specific Direction o f the Lorentz Force.

AC-resistivity in the crystallographic ab-plane was measured by a four-probe
technique. The four gold wires were attached to the sample parallel to each other. The
orientation of the wires w ith respect to the twin boundaries ensures that the current
density, J , is parallel to the twin boundary planes, and that J flows in the
crystallographic ab-plane. The measuring ac-current densities used were J < 28 A /cm 2
at a frequency of 23 Hz. Longitudinal electrical resistance,

= p, was m easured as a
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function o f the temperature and the angle, in external magnetic fields up to H = 6.5 T .
The direction o f the magnetic field H was always perpendicular to the current density J ,
thereby maximizing the Lorentz force (Figure 56).

magnetic
vortices

tt

twin
boundaries

J

Lorentz
force
Figure 56.

Lorentz Force Acting on the Vortex System.

The cryogenic system used for collecting the data is equipped with a rotating
stage that permits one to measure the electrical resistance as the crystal is rotated w ith
respect to the applied magnetic field around an axis in the ab-plane.

The resulting

situations are shown in Figure 57.
hi order to describe qualitatively our results, we neglect the presence o f non
local effects due to our dynamic measurements and use a static m odel o f a single vortex
generated by a magnetic field oriented arbitrarily with respect to the twin boundaries as
in the model considered by Blatter in Reference 21:
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twin

H II c
fl

vortex

.c-axis
0/
h

vortex

fl

Hllab
T
fl

Figure 57.

(a)

The Lorentz Force in D ifferent Orientations o f the M agnetic Field
with Respect to the c-Axis.
In the top panel o f Figure 57, the field is applied parallel to the c-axis o f the

crystal, and hence the vortex is parallel to the twin boundaries (H II c-axis II twin
boundaries). The resulting Lorentz force, F L ~ J x H, acts on the vortex and it m oves
it across the twin boundary planes. W hen no current passes through the sample, the
current density is zero, therefore there is no Lorentz force. The vortex is parallel to the
twin boundaries and is pinned over its entire length. We call this orientation w ith the
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magnetic field parallel to the crystallographic c-axis 6 = 0°.
(b) W hen the magnetic field is rotated away from the c-axis as in the center
panel o f Figure 57, part o f the vortex is still pinned by the tw in boundaries as the
vortex takes advantage o f the pinning strength o f the twin planes (0

0°).

Other

segments o f the vortex located between adjacent twin boundary planes join the ones
lying within the twin planes. Above a certain angle, 0 = 0d, it is no longer energetically
favorable for the vortex to bend along the twin boundaries, and the vortex aligns itself
with the external magnetic field direction. The value of the angle 0 d is known as the
depinning angle.
(c) In Figure 57, bottom panel, the orientation of the magnetic field is such that
the vortices form in the ab-plane, 0 = 90°. The resulting Lorentz force on the vortex
induces its m otion perpendicular to the twin boundaries and across the crystallographic
ab-planes.

Experimental Results and Discussion
Investigation in M agnetic Field Parallel to the c-Axis (0 =0°1 of the Crystal

The normalized resistivity, p (T) /p(0T, 95 K), versus reduced temperature,
T / T c0, at 0 = 0° field orientation is plotted for fields of H = 6 .5, 6, 5, 4, 3, 2, 1,
0.5 and 0 T in Figure 58. In this configuration the vortices are aligned with the twin
planes and tw in boundary pinning has maximum strength.

The magnetic field is

decreasing from the left to the right as shown by the arrows.
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Figure 58.

T /T c0

1

N orm alized Resistivity at 0 = 0 ° in M agnetic Fields From 0 to 6.5T.

All the curves displayed in the plot are taken using the same current density o f
J=

10.5 A/cm 2.

The superconducting transition shows the well-known field-

broadened behavior. Due to the increasing num ber o f vortices in higher fields the
energy loss, hence the resistance of the material increases.

M oreover, two other

features can be distinguished easily for the larger fields.
(1) Firstly, as the temperature is lowered a “shoulder” develops at the onset of
twin boundary pinning [2]. The temperature at this point is called the twin boundary
pinning temperature, and is denoted by TBP. The closed arrow in Figure 58 show s TBP
for an applied field o f 6.5 T.
(2) Secondly, a sharp drop or a "kink" is visible at the melting tem perature, Tm,
where the vortex liquid freezes into a vortex lattice [22, 23, 24]. The vortex liquid
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state extends over much of the m ixed state o f high-temperatine superconducting
materials and this transformation o f the solid vortex lattice into a vortex liquid is know n
as the m elting transition, h i our sam ple the onset o f twin boundary pinning occurs w ell
above the m elting temperature, deep in the vortex liquid state.

Typically, the tw in

boundary density in as-grown crystals is so high that the melting transition is
completely suppressed. In this sample the average twin boundary spacing is only about

1.2 pm, resulting in a dilute density o f tw in boundary planes o f about 800 per m m .
To m ate the sharp drop in p (T) at the melting transition more obvious,
Figure 59 show s a semi-logarithmic plot o f the normalized resistivity with respect to
the reduced tem perature for H = 6.5 T.

0
m

0= 0
H = 6.5 T

0.9

0.95
T /T

Figure 59.

c0

Semi-Logarithmic Plot o f the Normalized R esistivity at 0 = 0°.
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In the 0 = 0° configuration the melting kink is present down to -0.3 T.

The

low-field data for 0 = 0° follow s in Figure 60, where die normalized resistivity for the
fields o f H = 1 ,0 .7 ,0 .4, 0.3 T displays a greatly attenuated variant o f the two features.

0.6
ON

: 0.4
H
o,
al
0.2
p
al
0

0.97

0.99
T /T

Figure 60.

cO

Low-Field D ata o f the N orm alized R esistivity at 0 = 0 ° (H = 1 to
0.3T).

F o r better detection of the variations in the curvature o f p(T) dependence, we
plot die derivative of the resistivity with respect to the normalized temperature fo r the
set of four fields shown in Figure 61. Together with the more distinctive peak in dp/dT
at die twin boundary pinning (closed arrow), another peak develops at even low er
temperatures fo r the data taken at 1, 0.7 and 0.4 T (opened arrow s).
associated with melting transition to die vortex lattice.
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0.98
T /T

l

cO

Figure 61.

Low-Field Temperature Dependence o f the Temperature D erivative
of the Resistivity at 0 = 0 °.

A t fields less than 0.3 T and sm all temperatures, the sharp drop in p(T) and the
peak in dp/dT associated with melting are completely suppressed.

Investigation in Magnetic Field Parallel to the ab-Plane (0 = 90°) o f the Crystal
When the sample is rotated with respect to the magnetic field, the twin
boundaries are ineffective at pinning the vortices. The extreme case is presented in
Figure 62 where the temperature dependence o f the resistivity is measured fo r a field
direction parallel to the ab-crystallographic plane (6 = 90°).
vortices move perpendicular to the tw in

In this scenario the

boundary planes

and across

the

crystallographic ab-planes and pinning is due only to the intrinsic layered structure o f
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A c Y B ^C U jO ^ single crystal [2 5].

0.8

0 = 90

6.5 T
3T
2T

a. 0.4
O

l

0.5 T
IT
2T
3T
4T
5T
6T

PE

0.96

0.98
T / Tc

1

Legend.

The inset shows the tem perature dependence o f the tem perature
derivative o f the resistivity for the same fields.

Figure 62.

Tem perature D ependence o f the N orm alized R esistivity a t 9 0 ° in
Magnetic Fields From H = 0.5 T to H = 6.5 T.

For this orientation, the sharp drop in the resistivity is attenuated in this sam ple
due to the presence of a peak effect ju st below the melting transition, Tm. hi F igure 62,
the arrow at the point where the resistivity drops to a minimum before increasing again,
Tpg, indicates this feature. The position o f the peak effect at a lower temperature than
the m elting transition, and in close proxim ity to it agrees with the proposed explanation
that the peak effect is a precursor o f the melting transition [26] as described in m ore
detail in Chapter IV.
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Angular Dependence o f the Resistivity
Above a certain value o f the angle 0, the absence o f the twin boundary pinning,
like in the case of 0 = 90 °, is evident w hen an angular scan o f the resistivity is
perform ed.
Figure 63 shows the angular dependence o f the electrical resistance, R (9), in
m agnetic fields of 6.5,4, and 2 T. The qualitative shape o f the different curves is the
result o f two factors:
(a) First, at high temperatures, above the boundary pinning tem perature, the
underlying anisotropy o f the crystal structure leads to a mmimurn at 0 = + 90° and a
maximum a t 6 = 0°.
(b) Secondly, lowering the temperature below the onset o f tw in boundary
pinning, the anisotropic pinning strength o f the tw in boundary planes [4] leads to a
sharp dip at 0 = 0°. At this angle the vortices become aligned with the tw in boundary
planes and twin boundary pinning becomes dom inant
The pinning mechanism in region (a), is based on the strong modulation o f the
order param eter by the layered structure of the m aterial [27]. hi the Y B a^U jQ ^ single
crystals

the C u 0 2 layers and their direct neighboring regions

are

strongly

superconducting, whereas the layers with the CuO chains and their surrounding
structure are weakly superconducting.
parameter, I

Therefore, the superconducting order

I2, is modulated along the c-axis w ith a period equal to the c-dimension

of the crystal lattice, which is the longest crystallographic dimension in these m aterials.
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Figure 63.

Angular Dependence of the R esistance in H = 2, 4, 6.5 T M agnetic
Fields.
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When the m agnetic field is parallel to the ab-plane, the range o f die vortex core
along die c dimension is die coherence length §c, and this is about -3 A at T = 0 K
[28]. Compared to die value o f the thickness o f the unit cell of about c = 12 A, die
coherence length is m uch shorter. Therefore, the dimension o f the core along the c-axis
is smaller than the layer dimension.

This is true for an interval o f temperatures

extending close to the critical temperature Tc. In the region where the CuO chains are
located, the order param eter is the smallest, hence the loss in energy is m inim um if the
vortex locates itself on the chains, since die order parameter inside the core o f the
vortex is exponentially decreasing. Therefore, the modulation of die order parameter is
a natural pinning center for the vortex system.
Below the tw in boundary pinning temperature in region (b), if the field is within
a critical angle along the twin boundaries, the flux lines will align into the twin planes.
Blatter [21] suggested a model where the vortices lock-in with the twin boundary
planes, and he estimates the smallest width o f the resistivity drop to 2 0C = 5° (at
H * 1.5 T).
The curves in Figure 64, top panel, were taken in different constant
temperatures ranging from T = 84.20 K (Tgp/T^ = 0.91), down to T = 81.40 K
(T bp/T co = 0.87).

The onset temperature o f the twin boundary pinning, Tap,

corresponds to the development of a dip in the angular dependence o f the normalized
resistivity curves at 0 = 0°. For H = 6.5 T, and 0 = 0°, die twin boundary pinning is
T BP = 84.20 K, or in terms o f the reduced temperature T g/T ^ ~ 0.91, while the
normalized resistivity is about p(T)/p(95 K) = 0.3. This agrees with the values found
for the onset of twin pinning extracted using the temperature derivative o f the
resistivity, dp/dT, and show n in Figure 64, bottom panel.
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T w in Boundary Pinning in the Vortex L iquid State in H = 6.5 T
M agnetic Field.
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D qrinnm p Angle

U sing the angular scan o f the resistivity we can find the depinning angle
corresponding to specific fields and analyze its temperature dependence.

F or a

direction o f the magnetic field relative to c-axis larger than the depinning angle (6 > 0 d),
the segment o f the vortex trapped by die twin boundary becomes zero.

T hen, die

vortex becomes aligned with the m agnetic field over its entire length. At the depinning
angle 6d, the interplay between the intrinsic anisotropy and the twin pinning anisotropy
yields a minimum pinning strength on the vortex. The resistivity, and therefore the
vortex mobility reach a maximum.
Experimentally, we find the depinning angle by looking at the angular derivative
o f the resistivity, dp/d 6 plotted as a function of angle. The value of 0d corresponds to
die angle where the angular derivative of the resistivity becomes zero. As the angular
dependence is usually measured for both positive and negative orientations o f the
magnetic field relative to c-axis, then an average o f the depinning angle,

0 d = [ 0 d(+ ) — 0 d (—)] / 2 , can be found for each specific temperature in a given
field. Figure 65 is an example o f how the depinning angle is extracted from the data.
Both p/p(95 K), and dp/d0, are plotted with respect to 0.
W e show in Figure 66 the depinning angle in a 2 T field and a set o f seven
temperatures. A fter resolving 0d fo r each of the curves, we plot the values on the same
graph (filled diamonds). We see that when lowering the temperature from T = 89.80 K
to about T = 88.75 K, 0d increases first After this temperature, p(0) reaches its
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maximum faster and drops more abruptly afterwards moving the values o f 0 d closer to
zero angles.

H

Ac-axis

0. 1 -

p/ p(95 K)

e (°)
Figure 65.

D eterm ination o f the Depinning Angle From the Angular Derivative
of the Norm alized Resistivity in a H = 2 T Field.

This behavior o f the depinning angle is different than the case o f other correlated
defects like heavy-ion induced defects.
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Figure 66.

N orm alized Resistivity V ersus Angle for a M agnetic Field o f H = 2 T,
W ith the Solid Diam onds Representing the D epinning Angle for Each
Tem perature Considered.

In Figure 67 we plot a comprehensive temperature dependence o f the depinning
angle fon
(a) The tw inned crystal in four different applied magnetic fields: H = 6.5, 4, 2,
and IT (opened m arks).
(b) We show 0d (T/T^) for an untwinned crystal after 1.4 GeV 238u 67+ heavy
ion irradiation with a matching dose o f

= 1 T (filled circles) and in magnetic fields of

H = 1, and 2 T.
(c)

Also shown is the data at H = 0.2 T fo r a detwinned crystal irradiated with a low

dose o f

= 0.1 T m atching dose o f 1.4 GeV 208Pb56+ heavy-ions (filled squares).
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twinned
columnar
defects
6.5 T

<x>

0.1 T, Pb
0.2 T, Pb
1 T, U
2 T, U

T /T
Legend.

cO

Irradiation w as perform ed p arallel to th e c-axis, with d o ses of
= 0 .1 T fo r 1.4 GeV 208P b 56+ and B<j> = 1 T for 1.4 G eV
238u67+ heavy-ions.

Figure 67.

Depinning A ngle for a Twinned Sam ple, and for U and Pb Heavy Ion
Irradiated, Detwinned Single Crystals.

The curves show an increasing depinning angle when the tem perature is
lowered. This is due to the therm al oscillations that becom e less at lower tem peratures.
h i the twinned crystal, the drop that follows the maximum in 0d (T/T^j) i s less
abrupt for the larger magnetic fields. For the data at 6.5 T the dependence almost levels
off around -12°, while at 1 T w e see a peak in 0 d (T/Tc0).

The situation is different

when colum nar tracks are present. Heavy-ion irradiation induces correlated defects in
the form of colum nar damage defects o f about -6 0

Ain diameter.

Since the siz e , and
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shape of the damage is comparable with the size of the vortex core ^(T) near the critical
temperature, pinning by these types of defects is quite effective and the depinning angle
curves are shifted up to higher temperatures. Second, the curves show only an increase
of the depinning angle compared to the ones in the twinned sample w hen the
temperature is reduced. The dotted line, continuing the curves for the Uranium-ion
irradiated sample, represents the extrapolated dependence o f 0d that reaches a plateau at
even low er temperatures.
The significance o f the thermal energy on the temperature dependence o f the
depinning angle can be summarized by the following two aspects:
(1) First, for both heavy ions and twin boundaries at high tem peratures, the Qd
temperature dependence is strong and the depinning angle increases rapidly when T/T^
decreases.

At high temperatures, the thermal energy is considerable, hence the

lowering o f die temperature w ill balance the energies acting on the vortices: the thermal
energy and the pinning strength o f the defects.
(2) Secondly, at low temperatures the influence o f thermal energy on 0 d can be
neglected. Although this is true for all three crystals, the behavior is not completely
similar. In the case of the heavy ion irradiated crystals (filled circles and squares) we
see that the depinning angle levels off.

W hile, for the crystal presenting twin

boundaries (opened marks) the dependence is more complicated because o f the
presence o f the melting transition in the vicinity of the twin boundary pinning.

This

feature influences the resistivity by sharpening die drop in p(T ) at the freezing o f the
vortex liquid in a vortex lattice.
In Figure 68 we show the normalized resistivity versus T/T^ for a m agnetic
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field o f H = 1 T and in 5 different orientations.

H = 1T

1.6
w
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CL

H
al
Q L^& Ll
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0.965

,____________ l _

0.97
T /T

LgggJldL

In region I the tem perature o f the sam ple is above twin boundary
pinning, in region II twin pinning becomes effective, while in region
III the melting transition sharpens the drop in the resistivity.

Figure 68.

Tem perature D ependence o f the N orm alized R esistivity in Five
Different Orientations of the M agnetic Field at H = 1 T.

From Figure 67 we see that the angle 0 = 17° is already larger than the
depinning angle. For the angles below 17° though, we can separate the temperature
dependence of the resistivity in differing regions:
(a) The first region, I, above the twin boundary pinning, the p( 6 ) dependence is
going to have a maximum around zero degrees, as its behavior is dictated b y the
anisotropy of the sample.
(b) hi the middle region, H, between the temperature o f the twin boundary
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pinning, and of the m elting transition, the p( 6 ) dependence shows a drop around 0 °,
where for this field o f H =1 T there is a maximum a t a depinning angle o f 0d~15°.
(c)

h i the lower temperature region, EH, tw in boundary pinning is affected by

the presence of the melting transition. This transition results in a sharp drop in the
resistivity for the larger angle. The temperature interval coveted by this region for the
H = IT data is about 200 m K , while for H = 6.5 T is about 1 K (T/T^ ~ 0.01). This is
why in Figure 67 we see the difference in the curvatures of the H = 1 T, and H = 6.5 T
respectively. Figure 69 shows the derivative o f the resistivity in the region where both
the peak due to the twin pinning, and the one corresponding to the m elting transition are
detected.

H = IT

10
1
H
Q T3

0.97
Figure 69.

Tem perature D ependence o f the Tem perature D erivative o f the
Resistivity in Five Orientations o f the 1 T M agnetic Field, Show ing
Twin Pinning and M elting in Close Proximity.
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The two features are in close proximity, and twin pinning is clearly affected by
die m elting transition.
The angular dependence o f the resistivity for die heavy-ion irradiated samples
where the first-order vortex melting transition is suppressed by the high density of
defects shows a dramatically different behavior than that o f the twinned. In Figure 70
we plot die data for a matching dose of B({> = 2 T, Uranium-ion irradiation beam, in an
applied magnetic field of H = 0.5 T, and in reduced temperatures ranging from T /
= 1.01, to 0.98.

0(0)
Figure 70.

Normalized R esistivity Angle D ependence in a M agnetic F ield of
H=0.5 T for a Detwinned Crystal Irradiated W ith
= 2 T, 1.4 GeV
Uranium-Ions.

The solid triangles represent die depinning angle extracted for each constant
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temperature. W e notice that the depinning angle increases with decreasing temperatures
and reaches a maximum in the low temperature region, before the signal becomes
inseparable from the noise.
First-Order Vortex Melting Transition
Although the twin boundary pinning is very strong when the vortices are
aligned w ith the twin boundaries at 0 = 0°, their effectiveness drops rapidly as the
crystal is rotated. This can be seen in Figure 71 where the normalized resistivity curve
is shown for 0 = 0, and 12°. In the 12° curve there is no shoulder at the onset o f twin
boundary pinning and only the kink at the melting transition is observed. This situation
is easy to discern if we look at the temperature derivative o f the resistivity for the two
orientations plotted in the inset o f the Figure 71. For the zero degree orientation o f the
field we detect three peaks in the dp/dT, and these are, in decreasing temperature order,
the superconducting transition, the twin boundary pinning, and the melting transition.
This is not the case in the data corresponding to 0 = 12° where only the
superconducting transition, and the melting transition are visible.
A t the melting transition the sample has a non-ohmic behavior and this can be
seen in the semi-logarithmic plot o f Figure 72 where the normalized resistivity is plotted
for HII c-axis, in a field of 0.6 T, and for three different currents: 8, 6 , and 1 m A. Ih e
smaller transport current drives the vortex system with a reduced Lorentz force m aking
the melting transition sharper.

The inset of Figure 72 shows the voltage-current

characteristic dependence, E(J), fo r the same field and in differing temperatures. The
temperature decreases from the curves showing a linear trend, to the concave ones. As
we can notice, for intermediate temperatures the linearity is lost and the E(J)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

dependence becomes non-ohmic for current densities o f ~3 A/cm2 and larger.

H = 6.5 T

0=0
0

=

first order
melting
transition

12

tw in
boundary
pinning

0.1
H = 6.5 T

0.86

0.88
T /T

0.9
cO

Legend.

Inset show ing the tem perature derivative o f the resistivity fo r the two
orientations, in 6.5 T, and the absence o f twin pinning in 0 = 12° data.

Figure 71.

T em perature D ependence of the N orm alized R esistivity in Two
D ifferent O rientations at H =6.5 T, Show ing the M elting Transition,
and the Tw in Boundary Pinning.

Phase Diagram
In Figure 73, we show the phase diagram w ith the melting lines, H (Tm), for
angles between 0 = 0° (HII ab-plane), and 0 = 90° (H li c-axis).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

143

J ~ 28 A/cm
J ~ 10 A/cm 2
J ~ 3.5 AJcm

0.978

0.6 T
T/T =0.986-0.965
H=0.6T
H II c-axis

0.1

0.974

0.976
0.978
T /T

0.98

cO

Legend.

In se t show ing v o lta g e-c u rren t curves betw een n o rm alized
tem peratures 0.986 to 0.965 fo r 0.6 T, and the evolution from ohm ic
to non-ohmic behavior.

Figure 72.

Non-Ohm ic Behavior o f the Norm alized R esistivity at H = 0 .6 T
M agnetic Field Applied Parallel to c-Axis.

We notice that the melting line for 0 = 90° is shifted to higher temperatures than
the curve for 0 = 0°.

The melting lines for the two directions can be fitted by an

expression o f the form:
H = H 0( 1 - T / T c0)“
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(5.1)

where H 0, and a are two fitting parameters [17].

Then, the anisotropy can be

determined from y = H0Iab / HqI1c = 5.31 ± 2.1, where H0l[a5, and

represent the H 0

parameter fo r the fit to the m elting line at 0 = 90°, and for 0 = 0 ° respectively.
Reported values o f the anisotropy range from 5 to 10, for optimally YBa2Cu30 7_8 single
crystals [29, 30, 31, 32]].

6

^

4

W
2
0
84
Figure 73.

88
T (K)

92

T he Angular D ependence of the First O rder M elting Transition.

Although w e were not able to determine the upper critical point o f the melting
transition for any of the angles due to the limited value o f the magnetic field produced
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by our superconducting magnet, die low er critical point is accessible. For die two
extreme angular cases die lower critical point is H lcp = 3 T ± 0.2 T when 0 = 90°,
while for 0 = 0° w e find Hlcp = 0.4 T + 0.1 T. The angular dependence o f the lower
critical point is show n in Figure 74, and a comparison can be m ade between the
twinned crystal and three other samples: (a) a detwinned crystal, (b) a sample irradiated
with 2 x l0 ls protons/cm 2, (c) a crystal irradiated with a low dose o f Pb heavy-ions.

1,000 Gauss Pb
twinned

4

i

15

2x 10 protons/cm

2

- -B8 - - detwinned

S'

0
-100
Figure 74.

-50

0
0 (°)

50

100

The A ngular Dependence o f the Low er Critical Point, H icp, fo r a
D etw inned, a U ni-D irectional Tw inned, a Proton Irradiated, and a
Low D ose Irradiated Crystal.
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For the twinned crystal we notice that the behavior in the sm all angle region is
sim ilar to (he case o f the detwinned crystal. A s it was mentioned above, the crystal
used for this experiment has a dilute density o f tw in boundaries, which seems not to
influence die position o f die lower critical point w hen die field is tilted between 0 ° and
60° w ith respect to die c-axis compared to the detw inned sample. F o r larger angles,
close to 90° orientation, the angular dependence o f die twinned crystal approaches the
curve depicting the low -dose heavy-ion irradiated crystal, in which the defects are
colum nar ion tracks. The behavior of the three crystals is in total contrast to the proton
irradiated one. Point-like, and clusters induced by the proton irradiation are seen to
raise the position o f HIcp fo r most o f die angular dependence. This type o f irradiation
produces defects with no preferential position in the bulk of the crystal, referred to as
uncorellated disorder.

Conclusions
W e have investigated the behavior o f the vortex dynamics in a YBajCUjO^
single crystal presenting uni-directional twin boundary planes, containing a dilute twin
boundary density of about 800 twins per mm. D espite the strong pinning from the twin
boundary planes, the first-order melting transition is still seen. The num ber and the
orientation of the vortices w ith respect to die c-axis dramatically affect twin boundary
pinning. In this crystal the presence of the m elting transition at a temperature below the
onset o f twin boundary pinning strongly effects the temperature dependence o f the
depinning angle. A comparison with the case o f correlated defects induced by heavyion irradiation shows that the curves 0 d (T /T ^ are not only shifted to lower
temperatures, moreover they show a smaller value o f the depinning angle. The first-
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order melting transition is detected fo r all the orientations of the magnetic field, and an
angular dependence of the phase diagram is presented. The upper critical point is above
die maximum field attainable with our superconducting magnet.

The lower critical

point o f the melting transition is analyzed as a function of angle, and its behavior it is
seen to be similar with the one for a detwinned crystal for angles up to about ~ 60°. In
the vicinity o f 90°, the comportment o f the angular dependence o f HIcp is influenced by
the existence of the correlated defects and the behavior is similar to the low-dose
irradiated crystal. The lower critical point is dramatically different from the case o f the
samples presenting uncorrelated point defects.
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CHAPTER V I

ANGULAR DEPENDENCE OF THE LOWER CRITICAL
POINT IN HEAVY-ION IRRADIATED
UNTWINNED Y B aX i^ O ^
SINGLE CRYSTALS
We investigate the evolution of die first-order melting transition with the
systematic addition o f colum nar defects induced by heavy-ion irradiation in detwinned
YBajCUjO?^ single crystals. Polarized light m icroscopy was used in conjunction with
measurements of die angular dependence o f the resistivity to verify die absence o f die
twin boundary planes.
The heavy-ion induced defects were produced by 1.4 GeV 208Pb56+ and were
introduced in a direction parallel to the c-crystallographic axis of the samples.

The

samples were characterized with electrical transport measurements in magnetic fields
ranging to 6.5 T.
The first-order m elting line was resolved for angles of 0 = 0 to 90 degrees,
where die angle 6 was m easured between die c-axis o f die unit cell o f the crystal and
die orientation of die applied magnetic field (i.e. for H II c, 0 = 0°). The evolution of
the melting line and o f the lower critical point with increasing columnar defect density is
discussed.

The angular dependence of die low er critical point is extracted and a

comparison of die results after each dose o f irradiation is given.

The angular

dependence of the melting temperature is analyzed before and after irradiation.

150
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Introduction
The magnetic phase diagram o f high-temperature superconductors continues to
yield new features regarding the behavior of the vortex system in the mixed state. In
the high-temperature materials, thermal fluctuations replace the superconducting phase
transition at the upper critical field, H ^fT ), by a cross-over region dominated b y the
influence of the thermal energy. The width of the superconducting fluctuation regim e
(Figure 75) is o f the order of - e Tc, where e it the Ginzburg number which in the case
of high-temperature materials is about ~ 102. The resulting quantity is about - I K
Y B ajC ^O ^ single crystals that have Tc = 93 K.
critical field is known as the vortex liquid.

fo r

The new phase below the upper

In this phase the vortex system is

characterized by short-range order due to the weak vortex-vortex interaction, and the
large thermal energy which influences the motion of the vortices.
The most widely investigated feature in die magnetic phase diagram o f hightemperature superconducting materials is the first-order melting transition from the
vortex lattice to the vortex liquid. For a three dimensional system , the simplest m elting
criterion available, is the Lindemann criterion [1]. The mechanical energy associated
with the inter-atomic forces can be represented by a quantity proportional to: ~ S < u2> ,
where S is the stiffness constant, and u is the average displacem ent of the atoms around
their equilibrium positions. If this displacem ent is produced by a thermal energy k B T ,
then the resulting m ean displacement can be calculated from:
< u 2> = k B T / S

(6.1)

The stiffness coefficient in the case o f the vortex lattice drops sharply with temperature,
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and is also influenced by the strong anisotropy o f the structure of high-temperature
superconducting materials [2].

H c2

vortex
liquid

B ose
glass

Normal
State

H
vortex
glass

X

polym er
glass

vortex
lattice

H cl

vortex
solid

T(K)
Figure 75.

M agnetic Phase D iagram of High-Tem perature Superconductors.

Then, the description o f the stiffness includes an adjustable parameter through
the Lindemann fraction, c^, and also four parameters depending on the material: (a) the
superconducting transition tem perature, Tc; (b) the anisotropy o f the material, y, (c) the
magnetic field gradient, dH^/dT; and (d) the Ginzburg-Landau parameter k [3].
The melting temperature is also influenced by the anisotropy of the planar
structure of the m aterial [4]. The angular dependence o f the melting temperature can be
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expressed as:

Tm(6) = cIA>1'2 t4* 2 kB>.ab2B 1/2(sin29 + f c o s 2 0)l/4] '1

(6.2)

where the angle between the applied magnetic field H, and the c-axis o f the crystal is
denoted by 0, and the first-order melting transition by Tm,
and it lies in the range 0.1 to 0.2,

is the Lindemann fraction

is the penetration length in the ab-plane, which for

the YBa2Cu30 78 crystals is about - 1 , 4 0 0 A, and kB =

1 .3 8 X 1 0 '23

J/K is the Boltzmann

constant
The melting phase transition has a first-order character in clean, single crystals
of YBa2Cu30 7_8 [5, 6]. The critical points o f the melting transition are called the upper
and the lower critical points, and their evolution due to the presence o f disorder in the
m aterial is different
The first order m elting line, Hm.,„ne(T), terminates at the high magnetic fields in
an upper critical p o in t H ucp. For fields greater than the upper critical p o in t the firstorder character o f the melting transition is lost and higher order transitions take place
from the vortex liquid to disordered vortex solids [7, 8].

At this time, the high

magnetic field critical point o f the first-order melting is not resolved and in
measurements taken as high as

30

T the first-order melting line was still detected [9].

Furthermore, recent investigations show that the upper critical point can be raised by
columnar defects induced by heavy-ion irradiation. For a crystal with a Hucp - 9 T, a
dose matching field of
~ 11

1 ,0 0 0

G auss lead heavy-ions, shifted the upper critical point to

T. Also, point defects from oxygen vacancies, o r defects induced by electron and

proton irradiation, lower the upper critical field. These new findings suggest that the
vortex meandering controls the position of this point in the phase diagram [10].
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The low m agnetic field critical point of the first-order transition, Hlcp, w as
found in both twinned and untwinned, single crystals o f YBajCugO^, and its position
in the phase diagram is affected by the type and density o f defects present in the sample
[5, 9, 11, 12]. In clean, detwinned single crystals HIcp can be as low as 0.05 T [13],
while in twinned ones it can be as high as 5 T [14]. Point defects induced through
proton irradiation and columnar defects induced through heavy-ion irradiation shift up
the value of the lower critical point. At the same time, weak point-like defects produced
by electron irradiation leave unchanged the position o f the low er critical point, while
shifting the upper critical point down.

For magnetic fields sm aller than the low er

critical field, the vortex system undergoes higher order phase transitions, and the
features associated w ith it are no longer detected in resistivity [13], magnetization [15],
or specific heat measurements [9, 12, 14]. Recent investigations show that below the
low er critical point an irreversibility line associated with the onset o f a Bose glass
regim e is obtained for crystals containing low doses of correlated disorder [10].
A sufficiently high dose of point o r columnar defects w as shown to completely
suppress the first-order character of the vortex transition and replace it by a continuous
transition. Also, early measurements on highly twinned crystal show no sign o f firstorder transition.
The study presented in this chapter discusses the evolution o f the first-order
melting transition with increasing columnar defect density. M ost of the previous w ork
is related to the influence o f defects on the melting transition for orientation o f the
magnetic field parallel to the c-axis.

In our investigation we analyze the angular

dependence of the m elting line, with an emphasis on the transformation taking place in
the angular dependence o f the lower critical point due to the presence o f low density o f
correlated disorder in the material.
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Experimental Details
The Y B a^U jQ ^ single crystal used in these measurements was grown using a
self-flux m ethod [16].

First the crystal was annealed in atmospheric pressure in

flowing oxygen for ten days at 420°C. After annealing, the twin boundary planes were
removed [17, 18]. This procedure ensures that the vortex pinning is due only to the
defects introduced by irradiation, since twin boundary planes can act as correlated
defects [19].
The sample was cleaved in three rectangular pieces. One piece was kept as a
reference, w hile the other two were irradiated with tw o different low doses o f heavyions. This m ethod guarantees the sam e underlying quality of the samples, insuring that
the effects on the properties o f the material are only due to the irradiation induced
defects.

The dimensions o f each o f the three pieces were: ~918(fjx306(w) jim 2,

-740(5x160 (w) pm 2, ~810(5x270(w) p m 2, and thickness o f t = 32 pm, where 5 and
w represent the length, and respectively the width o f the rectangle shaped samples. The
dimensions are given for the reference piece first, and in order of increasing dose of
irradiation.
The superconducting transition temperature o f the reference piece determined
from transport measurements was

= 93.95 K taken in zero field and a t the

maximum o f the temperature derivative o f the resistivity, dp(T)/dT. The width o f the
superconducting transition was AT^ (10-90%) < 300 m K, a first indication o f a very
clean sample.
The tw o other pieces were irradiated with low doses o f 1.4 GeV 208pb56+ io n s at
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Argonne National Laboratory’s ATLAS heavy-ion irradiation facility. Irradiation was
performed parallel to the c-axis o f the crystal, and at room temperature. One o f the
samples was irradiated to a matching field dose o f
piece to

= 2,500 Gauss.

= 1,000 Gauss, and the other

These doses of irradiation yield a number o f surface

density of defects, that can be calculated from the expression:
N = H / <(>0

(6.3)

where (j>0 = 2.06 8 xl0'15 W eber is the magnetic flux quanta characterizing each vortex.
For the two doses in our experim ent N is about ~ 5 x l0 9defects per cm2, respectively ~
1.25xl010 defects/cm 2. The density o f vortices can be given also in terms of the defect
spacing:

ao= 0M iy1'2

(6.4)

For the 2,500 G auss dose of irradiation the defect spacing is about 910 A. Heavy-ion
irradiation induced defects are correlated defects in the form o f columnar tracks o f
amorphous m aterial [20, 21]. The average diameter of die columnar tracks induced by
lead heavy-ions o f energy 1.4 G eV is ~ 60 A.

Then, the separation betw een the

perimeter o f the columnar defects at the highest dose used in this experiment is about
850 A. Both a-, and b-crystallographic dimensions are an approximate size of ~ 4 A.
This is why we address this kind o f irradiation as low dose irradiation.
The critical temperature at the superconducting transition, T^, and the resistivity
in the normal state at T = 95 K ,

p(95K ), are presented in Table 5 for all three

samples. A t the maximum dose o f irradiation the critical temperature decreases with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

less than 400 mK, while the normal state resistivity increases only by ~ 10 %.

The

increase in die normal state resistivity is consistent with die higher density o f disorder
induced by irradiations.

The small differences imply that the superconducting

properties o f the material are not fundamentally changed by these low doses o f
irradiations.
Table 5
Experimental Details of Heavy-ion Irradiation
Induced Defects

N o.

Dose B#

Tco

p (95 K)

(T)

(K)

QiD cm)

1

unirradiated

93.95

87.7

2

0.10

93.80

88.0

3

0.25

93.66

96.3

Electrical transport properties were measured using a four-wire ac technique, in
magnetic fields up to 6.5 T in the Solid State Laboratory at W estern Michigan
University. The ac electrical current had a frequency o f 23 Hz. The current density in
the ab-crystallographic plane, J = I /( w t) , ranged from ~ 1 A/cm 2 to ~ 60 A/cm2. The
temperature dependence o f the resistivity was m easured in different configurations of
the magnetic field with respect to the c-axis of the crystal by rotating the sample with
respect to the field. The applied magnetic field and the current density are at 90 degrees
with respect to each other for all the measurements, yielding a maximum Lorentz force
on the vortices which is proportional to the amplitudes o f both H and J (FL ~ H J).
Voltage-current characteristics were measured using a dc current source and a
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nano-voltmeter a t Argonne National Laboratory, on a cryogenic system equipped with a

8 T superconducting m agnet.

Experimental R esults and Discussion
Superconducting Transition in the Unirradiated and Irradiated Crystal
h i Figure 76 we show the normalized resistivity versus temperature at the
superconducting transition in zero applied m agnetic field for all three crystals.

H=0T

*

in

ON

H
ol

unirradiated
1,OOOG
2,500G

93.6
Figure 76.

94
T (K)

94.4

Superconducting Transition in H = 0 T Before and A fter Irradiation.

Although w e can detect a shift in resistivity to lower temperatures due to the
damage produced by irradiation, the width o f the superconducting transition remains
almost constant for all three pieces, about -3 0 0 mK.
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Characterization for M agnetic Field Parallel to the c-Axis
The tem perature dependence of the normalized resistivity in fields from H = 0 .5
T to H = 6 .5 T is shown in Figure 77 fo r the unirradiated crystal and after the dose
matching field o f

= 1,000 Gauss. The data is taken at m agnetic fields applied

parallel to the c-axis o f the samples, HII c-axis. This orientation w ill be expressed also
as 0 = 0°.

0.8

H II c-axis

ON

H

umnadiated
o— 1,000 Gauss

6.5 T

0.4
0.5 T

84
Figure 77.

88
T(K)

92

Superconducting Transition in M agnetic Fields A pplied Parallel to
the c-A xis Before and A fter Irradiation W ith a D ose M atching Field

B<j, = 1,000G.

A t temperatures below the superconducting transition a kink in the resistivity is
visible. This feature is indicated in the figure by the open arrow at H = 6.5 T, and is
associated w ith the first-order melting transition of the vortex lattice [22, 23]. The kink
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is present in all the fields shown down to H ~ 0.25 T for the uniiradiated crystal. At
each field, although the resistivity for the irradiated piece is low er than the unirradiated
values, the temperature dependence o f the resistivity shows a less abrupt drop at the
kink. The reduced value o f the resistivity in the vortex liquid state after irradiation is
due to the increased pinning strength by the columnar defects. For the irradiated pieces
the kink in p(T) disappears at a larger value o f the field.
The sharp peaks in the temperature dependence o f the derivative in the
resistivity give a clearer image of the characteristic drop of the resistivity at the melting
transition. Figure 78, shows dp(T)/dT for the same fields and conditions as in Figure
77, in two separate plots. The upper plot is a representation o f dp(T)/dT fo r the
unirradiated crystal, while the lower plot presents the data after a dose matching field of
1,000 Gauss.

The peak in the derivative o f the resistivity after the dose o f

= 1,000 G auss disappears around H ~ 3.3 T, as indicated by the absence in the
H = 3 T, and H = 2 T curves, and by the p lo t in Figure 79. The cross-hatched peak in
the picture corresponds to the peak in the derivative of p(T) for the uniiradiated crystal.
Li order to maintain a consistent method of resolving the melting line,
HmdtmgCD, in the m agnetic phase diagram of Y B ajC ^O ^, we define a criterion fo r the
characteristic melting temperature, Tm. W e consider Tm to be the temperature o f the
point corresponding to the high temperature onset of the peak in dp/dT(T). An example
of the estimation o f the m elting temperature for a field of H = 4 T is given in Figure 80.
In this case the onset point o f the melting tem perature is found to be Tm = 85.24 K.
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I
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84
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Figure 78.

Peak in the Tem perature D erivative of the Resistivity for M agnetic
Fields Applied Parallel to the c-A xis: (Top Panel) B efore, (Bottom
Panel) and After Irradiation W ith a Dose o f
= 1,OOOG.

Simultaneous measurements of resistivity, magnetization and specific heat show
that the peak corresponding to the melting transition seen in the resistivity data also
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corresponds to the onset o f the jump in m agnetization, and to the peak in the specific
heat

0.02

p

H= 3 T
H II c-axis
—unirradiated
B<(>= l.OOOGauss

0.01

CL
T3

0
0.92

0.94

T /T
Figure 79.

The Peak in the Temperature D erivative of the Resistivity in H = 3 T
and at 0° Disappears After 1,000 G Dose Matching Field.

Figure 81 is a complete phase diagram fo r the crystal before irradiation, and
after the dose matching fields of Bf = 1,000 gauss, and

= 2,500 Gauss. The low er

critical point shifts to a higher field with each dose of irradiation.

W hile fo r the

uniiradiated crystal the low er critical point is Hlpc ~ 0.25 T (dotted arrow ), after the
dose o f 1,000 Gauss it is raised to Hlpc ~ 3.3 T (closed arrow). The crystal irradiated
with 2,500 Gauss has Hlpc ~ 3.8 T (opened arrow).
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H=4 T
Tm = 85.24 K

Figure 80.

T he C riterion for the D efinition of the M elting Tem perature, Tm .
Corresponding to the First-O rder Melting Transition.

H II c-axis

-O— unirradiated
« — 1,000 Gauss
d — 2,500 Gauss
-EB—

H

irreversibility

4

X

80
Figure 81.

84

88
T (K)

92

96

Phase Diagram for the U nirradiated Crystal, and A fter Doses of
M atching Field of 1,000 and 2,500 G.
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H ie upper critical point is above the maximum magnetic field of 6.5 T that we
can reach in our measurements fo r both before and after irradiation. Recent results on
low dose heavy-ion irradiated single crystals o f YBajCUjO^ show that the upper
critical point is raised by a dose o f 1,000 Gauss by about 20 % [10].
Above the low er critical point, the melting temperature o f the irradiated and
unirradiated crystals is identical. The melting lines above 3.8 T, for the set of three
crystals are superimposed, as it is shown in Figure 81, and also in figure 82 where die
temperature derivative for the unirradiated, and after 1,000 Gauss irradiation are show n
on the same p lot

0.8

H II c-axis
H=4 T
unirradiated
1,000 Gauss

m
Q .
T3

m

0.9
Figure 82.

0.91
T /T

0.92

The M elting Tem peratures at H = 4 T for the U nirradiated C rystal
and A fter Dose M atching Field of 1,000 G.

The two arrows corresponding to the melting temperature for the unirradiated
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crystal (closed arrow), and after irradiation (opened arrow ) in Figure 82, show that the
onset o f die m elting transition is in close vicinity before and after irradiation.
Below the lower critical point, the irreversibility line of the irradiated crystal
with the dose matching field o f

= 1,000 Gauss is show n by the crossed squares in

Figure 81. The irreversibility line extracted for H < 3.2 T is raised relative to the
melting line of die unirradiated crystal. Here, the irreversibility line is defined b y the
onset o f the non-ohmic behavior o f the resistivity, and the absence of the peak in dp/dT
associated with the first-order m elting transition. Above die irreversibility lin e, the
resistivity o f die sample is non-zero for all the values o f the transport currents passing
through the sample. The critical current in this phase is zero. Below the irreversibility
line, the critical current is non-zero, and the resistivity quickly drops to non-measurable
values for transport currents low er than Jc.
Bardeen-Stephen flux flow model describes the m otion of die vortex system
above die kink in the vortex liquid state [24]. In this regim e the resistance due to the
applied magnetic field is predicted to be ohmic, as this is shown by the experimental
data too. In die vicinity of the vortex melting transition, die thermally activated flux
flow m odel gives an account for the non-ohmic behavior o f the vortices [25]. Voltagecurrent dependence in different m agnetic fields, show ing the gradual change from the
ohmic to the non-ohm ic behavior, is shown in Figure 83. The V-I curves are m easured
fo r T = 87.01 K, and after a dose m atching field o f B# = 1,000 Gauss, in applied field
ranging from H = 3.3 T to H = 2.2 T. Below H = 3.3 T, the curvature o f th e V-I
curves changes from linearity to a concave shape. The line parallel to the H = 3 .3 T
curve is drawn for visualization o f the change in shape.
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Figure 83.

V oltage-C urrent Curves fo r
= 1,000 G Dose at Various M agnetic
Fields Showing the Onset o f the Non-Ohmic Behavior.

Characterization for Magnetic Field Parallel to the ab-Plane
hi Figure 84 the temperature dependence of the normalized resistivity is plotted.
The curves are m easured fo r fields ranging from H = 6.5 T to H = 2 T, and for a
magnetic field orientation parallel to the ab-plane. Data for the unirradiated crystal, and
for the 1,000 Gauss dose is shown on the same p lo t The temperature dependence
shows the same fan-shaped broadening due to increasing number o f vortices as for 0°.
The broadening in the resistance in this configuration is less pronounced than in
the case o f the field applied parallel to the c-axis, due to die anisotropy o f the material.
The kink of the m elting transition is visible in the unirradiated crystal only for fields
larger than Hlcp(0 = 90°) = 2.2 T. Therefore, the value of the lower critical point at
0 = 90° is higher than the

= 0.25 T yielded by the 0 = 0° data.
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N orm alized Resistivity Versus Tem perature fo r the U nirradiated
C rystal and A fter a Dose o f
=1,000 G at V arious M agnetic
Fields.

Below the kink in the resistivity, the characteristics are strongly non-ohmic
(Figure 85). At a constant temperature die resistance is higher for larger amplitude of
the measuring transport current
Angular Analysis of die M agnetic Phase Diagram
The magnetic phase diagram for the unirradiated crystal showing the angular
dependence of the melting line is plotted in Figure 86, for 0 =0°, 45°, and 90°.

The

melting line, H ^ C T ) is shifted up to higher temperatures when the magnetic field is
tilted from HII c-axis, to H ll-ab-plane.
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Non-Ohmic B ehavior in the Resistivity for the Irradiated C rystal at
H = 6.5 T, and 8 = 90°

For all three orientations, the m elting line can be fitted by an expression o f the
form:
H = H 0 ( 1 - T / T e0)“

(6.5)

where H 0, and a are two fitting param eters [5]. The predicted value of the effective
exponent, a , is given by theory to be a = 1-2 depending on the field [2, 26].

The

values of the parameters are different for each orientation, and in Reference 27, values
of
axis.

= 77 + 5 T, and

= 1.23 ± 0.03, are found for field applied parallel to the c-

W hen the field is parallel to the ab-plane, H 0ab = 611 + 22 T, and
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a o«b ~ 1 -24 ± 0 .0 4 .

In general, the anisotropy resulting from the two values o f the

Hq parameter, and expressed by the relation:
Y = H 0^ / H 0c = (mlb/m c)1/2

(6. 6)

yielded values between 5, and 10 [25, 28, 29, 30, 31, 32]. F or the crystal used in
this study, the calculated anisotropy of the unirradiated piece is y = 10.3 ± 0.52. The
values obtained for die parameters in equation 6.5 in the three orientations are:
102.83 ± 4 .2 1 ,

= 1.36 ± 0 .0 2 , H0>b = 1063.3 ± 12,

= 1.4 ± 0.07, H 045 =

123.1 ± 2.5, a M5 = 1.30 ± 0.01.

unirradiated

c-axis

a
«7=!
Odeg

S
a

45 deg
90deg

T (K)
Figure 86.

=

Phase D iagram o f the U nirradiated Crystal in T hree O rientations:
0=0°, 4 5 °, 90°.
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The magnetic phase diagram for the irradiated crystal with B , = 1,000 G auss
dose is shown in Figure 87, for 0 = 0°, 5°, 10°, 20°, 45°, 60°, 75°, and 90°.

Bf = 1,000 Gauss 9 r II ab

10°

20°
60°

unirradiated
H 11 c-axis

84
Figure 87.

88
T (K)

92

Phase Diagram of the Irradiated Crystal in D ifferent Orientations:
0 = 0 °, 5 °, 10°, 20°, 45®, 600, 75o? 900.

For comparison the plot also includes the curve for the unirradiated crystal at
0 = 0°, and 90°. W e can argue based on the plot th at
(1) The m elting line shifts down for angles 0° < 0 < 20°, while for larger angles
we find the line above the 0° curvature. The shift is a consequence o f the irradiation as
seen in die angular dependence of the m elting temperature given in Reference 10.
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(2)

Second, die field at die lower critical point of die melting line decreases in

die interval between 0 = 0 ° value and 8 < 20°, while for larger angles we find the
critical point above die £ 1^ ( 0 °).
Angular Analysis of the Lower Critical Point
Finally, we investigate the angular dependence o f the lower critical point in die
irradiated samples. From the m elting line H ^ hi.g (T) corresponding to each angle, one
can extract the low field critical point of the m elting transition, and the corresponding
temperature. The lower critical point represents the field where the first-order character
of the m elting transition o f the vortex system is lost, and the phase transition becomes
continuous.
Figure 88 presents the angular dependence o f Hlcp for the set o f three crystals.
The m ain feature of the curvature o f
For the

after irradiation, is the sharp cusp at 0 = 0 °.

= 1,000 Gauss dose this cusp extends over an angle o f about ± 20° around

the c-axis, while after the second dose of B# = 2,500 Gauss, a decreasing lower critical
point is detected up to ~ + 50°. Hence, the low doses of columnar defects dramatically
and preferentially influence the first-order melting transition around the c-axis.
The angular dependencies o f the melting temperature is shown for the
unirradiated, for the

= 1,000 Gauss dose irradiated crystal, and for a sample with

a dilute density of twin boundary planes at a field o f H = 4 T in Figure 89. The same
trend as for the angle dependence of the melting line, H ^ ,,^ (T), is depicted in the p lo t
For larger angles the melting line is shifted to higher temperatures.
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Figure 88.

A ngular Dependence o f the Lower C ritical Point, H jCp, fo r th e
U nirradiated Crystal, and A fter Dose M atching Field o f
and 2,500 G.

= 1,000,

Conclusions
In this study w e have shown that low doses o f columnar defects influence the
melting transition, and especially die low er critical point angular dependence in
detwinned, single crystals o f YBa2Cu 30 7^, while leaving the curvature of the angular
dependence o f the melting temperature untouched. The effect o f irradiation o n the
lower critical point is qualitatively explained through the influence o f disorder o n the
elastic and plastic properties of the vortex lattice. For large fields, the shear m odulus
characterizing the vortex system yields an elastic energy that overcomes pinning o f the
induced disorder, w hile at low fields the elastic energy decreases with the num ber o f
vortices, and pinning becomes dom inant
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Legend-

The m elting tem perature is normalized w ith the value of the critical
tem peratures Tc0 corresponding to each crystal.

Figure 89.

A ngular Dependence o f the Normalized M elting Temperature for the
U nirradiated Crystal, A fter Dose M atching Field of
= 1,000 G,
and fo r a Crystal W ith a Dilute Density o f Twins, at H = 4 T.

The pinning energy increases for an increasing num ber o f columnar defects, as
in the case o f the systematic addition o f disorder through the two doses o f irradiation.
The onset o f the first-order melting transition is found for die 0° orientation at higher
fields. The angular dependence o f Hlcp is dramatically affected especially around 6 =

0°, where the vortices are aligned with the columnar defects and the pinning strength is
maximum.
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